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Abstract
The lens is a highly transparent structure in the anterior portion of the eye,
located between the iris and the vitreous body. It is bathed anteriorly by the aqueous
humor, which also provides a pathway for nutrient delivery as the lens is avascular.
There is a thin layer of metabolically active cells facing the aqueous humor known as the
epithelial cells, which gain nutrients and dispel waste from its surrounding environment.
The main portion of the lens is composed of tightly-packed elongated fibre cells that are
formed from the differentiation of epithelial cells. During differentiation, the fibre cells
become elongated and form concentric layers. Those mature fibre cells near the lens
centre are devoid of all cellular organelles to aid with transparency. There is no turnover
of these cells; therefore as the lens grows with age the fibre cells stack upon each other.
There are two regions of the lens, the nucleus which corresponds to the lens at birth and
cortex composed of the tissue accumulated throughout the lifespan. Due to the
developmental nature of the lens fibre cells and their lack of turnover, there is
experimental evidence to suggest that the lens proteins do not turn over, and thus it has
been postulated that membrane lipid turnover does not occur. This has implications for
lens accommodation and for the maintenance of the lens structure and transparency
throughout life. Experimental evidence suggests the formation of a barrier at middle age
to the diffusion of antioxidants and water into the nucleus. It is thought that this barrier
is due to occlusion of the membrane pores by modified α-crystallins. Alterations to the
lipid composition with age could render the membrane more adhesive for α-crystallin,
causing a greater occlusion of the pores. The lens therefore becomes vulnerable to
protein precipitation and oxidation, leading to age-related nuclear cataract, the major
cause of blindness worldwide. Lens lipid integrity may play an essential role in the
development of the lens barrier. The overall aim of this thesis was to probe indirectly
the extent of lipid turnover in the lens and examine the implications of this with age.
xii

In this thesis, shotgun lipidomics was used to examine the effect of dietary fatty
acid composition on the phospholipid profile of the rat lens nucleus and cortex. This was
directly compared to rat skeletal muscle, as this tissue responds dramatically in its lipid
composition to alterations in dietary lipids. Results demonstrated that skeletal muscle
phospholipid composition was altered with dietary manipulation; however the lens
nucleus and cortex remained unperturbed after 8 weeks of feeding. The lens nucleus
and cortex had different phospholipid compositions, suggesting that a different lipid
environment is functionally required for these regions. The lack of dietary alteration in
the nucleus suggests slow or even no lipid turnover. However, more significantly the lack
of alteration seen in the cortex suggests a regulatory mechanism for phospholipid
incorporation into the membranes of this region, as this region was formed during
dietary consumption. This tight regulation of lipid composition suggests a role for
phospholipids in the control of protein activity.
The extent of phospholipid incorporation was examined in the rat lens using
fluorescently- and isotopically-labelled fatty acids in vitro. The complementary use of
confocal microscopy and electrospray ionisation mass spectrometry determined that
after 16 hours of incubation with labelled fatty acids, there was very little incorporation
of fatty acids into lens phospholipids, which is most likely restricted to the outer 3-6 % of
the lens cortex. Incorporation of 13C18-oleic acid was detected at very low levels (~546
pmol.g-1 tissue wet weight) in the lens cortex [phosphatidylethanolamine (16:0/18:1)]
(seen at m/z 734.6). This result implies that over a time period of at least 16 hours, fatty
acids from external sources (for example diet), do not replace fatty acids that have
already been incorporated into the membrane.
Age-related alterations to lens lipids were examined in the human nucleus using
electrospray ionisation mass spectrometry. Abundant glycerophospholipids in a young
xiii

lens were seen to decline until the age of 40, while ceramide and dihydroceramide
increased in abundance from age 30. Dihydrosphingomyelin and sphingomyelin were
found not to alter in concentration with age. The reason for these alterations is currently
unknown; however it suggests slow hydrolytic activity in the centre of the lens which
alters the structure of lipids over a number of decades. The modification of these lipids
is unlikely to be caused by enzymatic processes due to the lack of enzymatic activity in
the lens nucleus. These modifications to the lens lipidome particularly in the nucleus
may contribute to the formation of the lens barrier seen at middle age.
Accelerator mass spectrometry was used to ascertain the 14C levels present in
the human lens lipidome nucleus which is present at birth. It was hypothesised that if
there is no lipid turnover in the lens nucleus, the
reflect the level of atmospheric

14

C levels in the lens lipids should

14

C at the year of birth. By comparing the level of

atmospheric 14C induced by above-ground nuclear testing from 1955-1963 to the levels
present in the human lens, it was determined that there is no turnover of total lipid
occurring in the lens.
In conclusion, this thesis has determined through a variety of techniques and
studies that the extent of lipid turnover in the lens nucleus is very limited (to nonexistent) over a period of hours to weeks in the rat lens, and a period of decades in the
human lens. This suggests that the lipid environment required in the lens is stable and
specific due to the membrane proteins it surrounds. Major alterations to the lipid
composition with age have implications for the formation of a barrier to molecule
diffusion at middle age. The lens also provides a model for examining the stability of
lipids in a unique biological environment devoid of enzymatic activity.

xiv

Abbreviations
13

C18-Oleic acid 13carbon-labelled oleic acid

AMS

Accelerator mass spectrometry

AQP-0

Aquaporin-0

BHT

Butylated hydroxytoluene

BODIPY C16

4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3hexadecanoic acid

BODIPY-C12

4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid

BSA

Bovine serum albumin

Cer

Ceramide

CID

Collision-induced dissociation

CL

Cardiolipin

DHA

Decosahexanoic acid

DHCer

Dihydroceramide

DHSM

Dihydrosphingomyelin

ESI

Electrospray ionisation

F14C

Fraction of modern carbon

GAM

Generalised additive models

GC

Gas chromatography

GP

Glycerophospholipid

GSH

Reduced gluathione

LPE

Lysophosphatidylethanolamine

m/z

mass-to-charge ratio

MALDI

Matrix-assisted laser desorption ionisation

MIP

Major instrinsic protein

MS

Mass spectrometry

MS/MS

Tandem mass spectrometry
xv

MUFA

Monounsaturated fatty acid

n-

Number of bonds from methyl end (equivalent to ω-)

31

31

PA

Phosphatidic acid

PBS

Phosphate buffered saline

PC

Phosphatidylcholine

PE

Phosphatidylethanolamine

PG

Phosphatidylglycerol

PI

Phosphatidylinositol

PL

Phospholipid

PS

Phosphatidylserine

PUFA

Polyunsaturated fatty acid

rf

Radiofrequency

SFA

Saturated fatty acid

SM

Sphingomyelin

SP

Sphingolipid

sn

Stereospecific numbering

TLC

Thin layer chromatography

WGA

Wheat germ agglutinin

P NMR

Phosphorus nuclear magnetic resonance

xvi

Publications to Date

Danni Cheng, Andrew Jenner, Guanghou Shui, Wei F. Cheong, Todd W. Mitchell, Jessica
R. Nealon, Kim WS, McCann H, Markus R. Wenk, Glenda M. Halliday and Brett Garner
(2011); Lipid pathway alterations in Parkinson’s disease primary visual cortex, PLoS ONE,
(accepted 29/01/2011)
Jessica R. Nealon, Stephen J. Blanksby, Paul J. Donaldson, Roger J.W. Truscott, Todd W.
Mitchell (2011); Fatty acid uptake and incorporation into phospholipids in the rat lens,
Investigative Ophthalmology and Visual Science, 52 (2): 804-809
Berwyck Poad, Huong T. Pham, Michael C. Thomas, Jessica R. Nealon, Larry Campbell,
Todd W. Mitchell, Stephen J. Blanksby (2010); Ozone-induced dissociation on a modified
tandem linear ion-trap: observations of different reactivity for isomeric lipids, JASMS, 21
(2): 1989-1999
Jessica R. Nealon, Stephen J. Blanksby, Sarah K. Abbott, A.J. Hulbert, Todd W. Mitchell,
Roger J.W. Truscott (2008); Phospholipid composition of the rat lens is independent of
diet, Experimental Eye Research, 87: 502-514
Jessica R. Nealon, Stephen J. Blanksby, Todd W. Mitchell, Paul L. Else (2008); Systematic
differences in membrane acyl composition associated with varying body mass in
mammals occur in all phospholipid classes: an analysis of kidney and brain, Journal of
Experimental Biology, 221 (19): 3195-3204
Jane M. Deeley, Todd W. Mitchell, Xiaojia Wei, John Korth, Jessica R. Nealon, Stephen J.
Blanksby, Roger J.W. Truscott (2008); Human lens lipids differ markedly from those of
commonly used experimental animals, Biochimica et Biophysica Acta (BBA) - Molecular
and Cell Biology of Lipids, 1781 (6-7): 288-298.
Michael C. Thomas, Todd W. Mitchell, David G. Harman, Jane M. Deeley, Jessica R.
Nealon, Stephen J. Blanksby (2008); Ozone Induced Dissociation (OzID): a novel method
for the elucidation of double bond position within mass-selected lipid ions, Analytical
Chemistry 80 (1): 303-311

Manuscripts in Preparation
Jessica R. Hughes, Jane M. Deeley, Stephen J. Blanksby, Friedrich Leisch, Roger J.W.
Truscott, Todd W. Mitchell (2010); Instability of the Cellular Lipidome with Age;
manuscript submitted (30/09/2010)

xvii

Chapter 1. Introduction

Chapter 1 Introduction
1.1 The eye
Vision is possible due to light entering the eye. Light passes through the cornea,
is focussed by the lens and projected to the retina. The image is then processed by the
primary visual cortex. Figure 1-1 shows the anatomical position of each component of
the eye.

Figure 1-1. A schematic of the eye.
Image from tutorvista.com.
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1.2 The lens
The lens is a transparent tissue present in the anterior segment of the eye, and
is responsible for focussing the light onto the retina through a process known as
accommodation. Its anterior surface is bathed by aqueous humor while the posterior
surface is in contact with vitreous humor (Figure 1-1). Aqueous humor is secreted from
the ciliary body positioned lateral to the lens equator, and functions in a similar manner
to blood by transporting nutrients and oxygen to the lens tissue (Zlokovic et al. 1994).
The lens is made of concentric layers of fibre cells with a monolayer of epithelial cells
lining the anterior surface (See Figure 1-2) and is surrounded by an elastic capsule which
provides a point of attachment to the ciliary muscle via zonules. The ciliary muscle
contracts to change the lens shape, and it is through the release of tension on the lens
capsule that the lens bulges.

Figure 1-2. The anatomical structure of the mammalian lens.
(Song 2009)
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1.3 Lens development
The lens forms from ectodermal tissue. As the lens plate invaginates, it creates a
lens vesicle lined by epithelial cells, which form the lens capsule. Epithelial cells on the
posterior surface form the primary lens fibre cells and migrate anteriorly to form
crescent shaped cells which become devoid of their cellular organelles within 12 days of
development (Bassnett et al. 1992). Cells differentiate into a monolayer of epithelial
cells in the first 54 days of development that only appears on the anterior surface of the
lens (Bassnett et al. 1992). The positioning of these different cells is intrinsically
important to lens function, as a lens that is rotated 180° during embryonic development
will promptly repolarise (Coulombre et al. 1963).
Figure 1-3 shows how epithelial cells proliferate at the germinative zone and
migrate posteriorly to the transitional zone near the equator. They begin to elongate to
form crescent shaped fibre cells, a process which is mediated by fibroblast growth
factors found in aqueous and vitreous humor (McAvoy et al. 1989). These cells stack on
top of the pre-existing primary fibre cells, and new cells are laid in the same fashion
throughout lifespan. In a human, the lens present at birth is known as the nucleus, and
the fibre cells that are stacked upon the nucleus post-natally can be referred to as the
cortex.
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Figure 1-3. The proliferation and germination of epithelial cells differentiating into fibre cells.
(Augusteyn 2008)

Secondary fibre cells elongate and meet other cells at the midline anteriorly and
posteriorly, forming sutures. As the lens grows, fibre cells no longer meet at the midline,
but form suture branches as they meet other cells. The sutures initially form a Y
structure, but with age the sutures form a more intricate pattern as the lens grows
further. Sutures represent further regions of light scattering in the lens (Taylor et al.
1996; Al-Ghoul et al. 2001; Kuszak et al. 2004).
Following fibre cell differentiation, cells in the nucleus and inner cortical regions
lose their organelles to degradation caused by a number of enzymes such as caspases
and nucleases (Bassnett 2002). Removal of the organelles ensures minimal scattering of
light in its transition from lens to retina. Loss of mitochondria is a rapid process that
takes as little as 2-4 hours in an embryonic chicken lens (Bassnett et al. 1992).
Breakdown of the nuclei is a slower process, taking 2-3 days to complete (Bassnett et al.
1997). Mature fibre cells in the centre of the lens have little or no metabolic activity,
serving only as a passage and focussing apparatus for light to be projected onto the
retina (Dovrat et al. 1984; Scharf et al. 1987; Zhu et al. 2010b).
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1.4 Accommodation
Accommodation is the process by which the lens adjusts its shape to maintain
optical clarity of objects at differing distances (see Figure 1-4). The basis for these
processes was first described by Helmholtz (1909). Figure 1-4 demonstrates the process
of accommodation and relaxation. At rest, (i.e., for long distance vision) the lens is flat
and stretched due to tension from the ciliary body and zonules. To focus on a closer
object the ciliary muscle contracts to allow the ciliary body to move anteriorly. The
zonules are in direct contact with the lens capsule and cause a release of tension on the
capsule to assist in lens thickening (Glasser et al. 1998; Glasser 2008) which is facilitated
by the significant amount of tensile strength of the capsule that remains throughout the
lifespan (Krag et al. 1997). The lens returns to its normal state of tension once the ciliary
muscle has ceased contraction and tension is once again applied to the zonules. It has
been determined that the cortex undergoes little change in shape during
accommodation, leaving the nucleus to alter its shape to focus on close objects (Brown
1973; Dubbelman et al. 2003). In a young human lens, this process happens easily due to
the flexibility of the lens; however as we age, the ability of the lens to mould and change
shape diminishes.
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Figure 1-4. The mechanism of accommodation.

1.5 Presbyopia
As we age, the ability of the lens to accommodate reduces. Presbyopia occurs at
middle age (approximately 40 - 50 years old) when accommodative ability is lost. There
are numerous theories as to the cause of presbyopia, including; (i) changes to the ciliary
muscle (Fincham 1937; Fincham et al. 1957; Eskridge 1984), (ii) alterations to the lens
capsule (Fisher 1969; 1971) or (iii) distortions to zonular insertion with increasing lens
volume (Koretz et al. 1988). It is becoming more widely accepted that it is the instrinsic
properties of the lens itself that cause presbyopia, through a hardening of the lens
material (Pau et al. 1991; Glasser et al. 1998).
The ability of the lens to change focal length under stretch is diminished with
age (Glasser et al. 1998). It has been shown in human lenses that the stiffness of the
6
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nucleus increases 1000-fold between 20 and 60 years of age (Heys et al. 2004; Weeber
et al. 2005). This is of great consequence for the nucleus that needs to be flexible in
order to mould during accommodation, and hence this ability is lost with age. Research
has suggested that it is the chemical composition of the lens that affects this flexibility.
For example, a recent study found a decrease in the protein α-crystallin is associated
with an increase in nuclear stiffness (Heys et al. 2007). α-,β- and γ-crystallins are
cytosollic proteins that make up 90 % of total lens protein (Groenen et al. 1994). αcrystallin is a heat shock protein (Horwitz 1992), and is the most abundant of the lens
crystallin family, constituting 30-40 % of total protein. α-crystallin acts as both a
structural protein and a molecular chaperone by binding to denatured proteins and
preventing aggregation (Boyle et al. 1994; Rao et al. 1995). The concentration of αcrystallin decreases with age as the insoluble protein (from the binding of α-crystallin)
and lens stiffness increases (Heys et al. 2007). As such, a loss of α-crystallin with age may
lead to an increase in insoluble protein giving rise to an increase in lens stiffness.

1.6 Age-related nuclear cataract
Age-related nuclear cataract is opacification of the lens centre, which impedes the
passage of light through the eye. Cataract is the most common cause of blindness in the
world, causing 48 % of blindness as reported by the World Health Organisation
(WHO)(2010). Age appears to be the major risk factor for cataract, and it is thought that
if one lives long enough, a natural age-related progression will occur from presbyopia to
cataract.
The major biochemical feature of cataract is oxidation of the long-lived proteins
in the lens centre. A young lens has an abundant supply of reduced glutathione (GSH) to
protect these proteins; however with cataract GSH concentration reduces dramatically
in the nucleus (Reddy et al. 1984; Giblin 2000). With age, post-translational
7
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modifications to proteins may cause them to aggregate with the lens membrane and
occlude membrane pores such as aquaporin-0 (AQP-0) (Friedrich et al. 2009). This
aggregation may be the cause of a barrier that develops in the lens around middle age
and impedes the diffusion of GSH, oxygen and water into the lens nucleus (Sweeney et
al. 1998; Moffat et al. 1999).
Lens proteins have been researched extensively over the decades, but less work has
been performed on the lens membrane composition.

1.7 Membranes
Membranes act as ‘gatekeepers’, modulating the influx and efflux of substances
into the cell. Cell membranes generally consist of a bilayer of lipids, mainly
phospholipids, glycolipids and cholesterol, with proteins either integrated to the
membrane or bound on to the inner and outer surfaces. Proteins found in the
membrane may serve as ion channels or pumps, receptors, enzymes and energy
transducers (Stryer 1995). Lipids found in a membrane are amphipathic in nature,
comprising a hydrophilic head that faces out to interact with the extracellular or
intracellular fluid, and a hydrophobic region that facilitates interaction between lipids
within the core of the bilayer1.
Singer and Nicholson proposed the fluid mosaic model for membranes in 1972,
where integral proteins float in a fluid bilayer of phospholipids and glycolipids that have
lateral movement capabilities (Singer et al. 1972) (see Figure 1-5). Cholesterol is packed
in between phospholipid molecules at low concentration to facilitate order in the
membrane. Typical membranes contain a variety of different phospholipid headgroups

1

Further information on lipid structure will be discussed in greater detail in section 1.9.
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with both saturated and unsaturated fatty acyl chains, where the degree of unsaturation
acts to modulate fluidity in the membrane.

Figure 1-5. A typical membrane proposed by Singer and Nicholson in 1972, compared with the lens
membrane proposed by Borchman in 2010.
Figure from Borchman (2010).
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More recently it has been demonstrated that membranes are significantly more
heterogeneous than the Singer and Nicholson model suggests, with domains of specific
lipid composition compared to the rest of the surrounding membrane. These areas,
which typically have a high concentration of sphingolipids and cholesterol, have been
denoted as lipid rafts (Silvius et al. 1996; Brown et al. 1998). The lipids present in these
areas are highly saturated, and have the ability to pack tightly, thus creating regions of
high membrane order and rigidity (Brown et al. 1998; Brown et al. 2000). Lipid rafts and
other lipid domains such as caveolin and coated pits are often sites of cellular signalling,
endocytosis and lipid trafficking, which sorts new lipids for incorporation into the
membrane (Brown et al. 2000; Anderson et al. 2002; Edidin 2003). It is also thought that
ceramides (part of the sphingolipid family) are produced in lipid raft regions in response
to stress (Cremesti et al. 2002). Such lipid rafts have been identified in the human lens
by collecting the nonsedimenting and sedimenting detergent-insoluble lipid fractions
using sucrose linear density gradients, followed by lipid analysis by nuclear magnetic
resonance (31P-NMR) and mass spectrometry (Rujoi et al. 2003). Proteomic analysis
revealed caveolin-1 to be associated in these lens rafts (Rujoi et al. 2003).
Lens fibre cells have a unique protein and lipid composition (Figure 1-5). Lens
cells contain a high concentration of protein at approximately 33 % of wet weight
(Glasser et al. 2001), compared to other tissues [e.g., human brain is approximately 9-10
% protein by wet weight (Banay-Schwartz et al. 1992)]. Lens membrane-bound proteins
consist of three main categories, AQP-0, MP20 (Grey et al. 2003) and connexins and
other membrane structural proteins such as caveolin-1 (Jacobs et al. 2001). AQP-0,
connexins and MP20 function as water and nutrient channels and cell adhesion
molecules respectively to maintain lens transparency (Schey et al. 2000; Jacobs et al.
2001; Grey et al. 2003). It has been demonstrated that connexin Cx46 and Cx50 are
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particularly vital for lens transparency as knockout mice lacking either one of these
connexins display cataract phenotypes (White et al. 2000).
The fibre cell membrane lipid composition is different from that of the typical
fluid mosaic membrane as shown in Figure 1-5. The molar ratio of cholesterol to
phospholipid from a human erythrocyte plasma membrane is approximately 0.72
(Johnson 1979), however in a lens membrane, this molar ratio is as high as 8.9 (Cotlier et
al. 1978; Zelenka 1984). At such high concentrations there is evidence of cholesterol
forming large aggregates or clusters as indicated in Figure 1-5 as well as participating in
raft-like regions with sphingomyelins (not shown) (Jacob et al. 1999; Rujoi et al. 2003).
Jacob et al. (1999) sectioned human lenses into nuclear and cortical regions,
homogenised and extracted the plasma membranes. These membranes were then
analysed by small angle x-ray diffraction to examine the crystallographic structure of the
lens membranes to determine these areas of high cholesterol aggregates (Jacob et al.
1999). Rujoi et al. (2003) were able to demonstrate through sucrose linear density
gradients and lipid analysis that dihydrosphingomyelin (DHSM) and sphingomyelin (SM)
bind with cholesterol in these raft regions. The rafts observed in the lens membrane are
more likely to occur between DHSM and cholesterol than with SM, as DHSM has a
stronger binding affinity to cholesterol, and there is a greater quantity of it in the
membrane (Epand 2003). The high concentration of cholesterol may be functionally
important for the protection of the lens membrane, as it has been shown that the
inhibition of cholesterol biosynthesis results in cataract in animal models (Cenedella
1996), and these cholesterol aggregates are absent in cataractous human lenses (Rujoi
et al. 2003). It is also suggested that the high cholesterol content provides structural
rigidity to the lens membrane (Li et al. 1985).
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Unlike cholesterol that forms aggregates, sphingomyelins are dispersed evenly
throughout the lens membrane as shown in Figure 1-5 (Borchman et al. 1994). The most
abundant phospholipid class in the human lens is dihydrosphingomyelin (composing 47
% of total human lens phospholipid and 72 % of total sphingolipidome in this tissue)
(Borchman et al. 1994; Huang et al. 2005; Deeley et al. 2008). This is possibly the highest
concentration of DHSM found in any tissue (human or mammal), with DHSM comprising
only 11.5 % of the total DHSM and SM in bovine brain, and less than 1 % in human
plasma (Byrdwell 1998). The human lens also contains the highest concentration of
DHSM in comparison with other mammalian lens membranes where it represents less
than 3 % of total phospholipid in cow, pig, rat and mouse lens membranes (Deeley et al.
2008). DHSM is a highly saturated and stable lipid that packs very tightly in the
membrane (Byrdwell et al. 1994; Ferguson et al. 1996). The highly saturated and stable
nature of this lipid and the general lack of unsaturation in the membrane may impart a
resistance to oxidation (Byrdwell et al. 1997; Epand 2003). In model systems it has also
been demonstrated that unsaturated membranes rich in sphingomyelins are more
resistant to the induction of peroxidation than similar phosphatidylcholine-based
systems despite the identical phosphocholine head group (Oborina et al. 2003). It has
been suggested that the high proportion of DHSM in the human lens is related to the
slow rate of cell synthesis in comparison to other mammals (Yappert et al. 2003). The
lipids found in the lens membrane appear to be tightly associated with the proteins such
as α- and β-crystallin (Zhu et al. 2010a), and thus limit the mobility of membrane
components (Borchman et al. 2010). The implications for specific membrane lipid
composition and the effect this may have on protein function are discussed in the
following section.
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1.8 Membrane protein and lipid interactions
The lipid membrane is not merely present to provide integral proteins with an
anchor, or for a cell to be compartmentalised. The lipids interact with integral
membrane proteins to influence their function and structure. Phospholipids existing
within the bilayer (annular lipids) exert lateral pressure on membrane proteins to assist
in maintenance of their three-dimensional structure (Palsdottir et al. 2004). Lipids may
also interact with clefts and cavities of the integral proteins (nonannular surface lipids)
or may reside within the protein and contribute to its proper folding and activity
(Palsdottir et al. 2004). The diversity of membrane phospholipids indicates that one
phospholipid class has specific tasks that may not necessarily be replaced by simple
exchange with another phospholipid. For example, lactose permease of E.coli requires
phosphatidylethanolamine specifically to support active transport into proteoliposomes
(Chen et al. 1984; Seto-Young et al. 1985; Bogdanov et al. 1995). The transport efficiency
of this protein was reduced when phosphatidylethanolamine was substituted with other
phospholipid classes such as phosphatidylcholine, phosphatidylglycerol, cardiolipin and
mono- and di-methylated phosphatidylethanolamines (Chen et al. 1984; Seto-Young et
al. 1985). Even though the head group may remain the same, altering the fatty acid
composition of the membrane can also greatly affect protein functioning (Wu et al.
2004; Mitchell et al. 2007b).
Individual molecules can also be vital for the structure and activity of proteins.
Specific cardiolipins (a dianionic bis-phosphatidylglycerol) are essential for the stability
of the catalytic site of cytochrome bc1 complex (Schagger et al. 1990; Hayer-Hartl et al.
1992; Lange et al. 2001). Furthermore, 13 lipids were identified to be in association with
bovine heart cytochrome c oxidase (Shinzawa-Itoh et al. 2007). Shinzawa-Itoh and
colleagues found that each lipid head group binds specifically with one region of the
13
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cytochrome c oxidase enzyme. The study found that the fatty acid vaccinate (18:1n-11)
specifically bound to phosphatidylglycerol was essential for the oxygen transfer
mechanism of this enzyme.
The lens is not an exception with regard to the importance of specific lipids for the
structure, position and function of proteins in the membrane. α-crystallin, unlike other
members of the crystallin family (β and γ), binds to vesicles and lens membrane lipids
containing phosphatidylcholine, sphingomyelin and phosphatidylethanolamine (Ifeanyi
et al. 1991). These authors suggest that it is the lipids, rather than integral membrane
proteins such as MIP26 that have receptors and affinity for α-crystallin (Ifeanyi et al.
1991). Later studies suggested α-crystallin is able to immobilise the phospholipid
membrane structure surrounding it (Borchman et al. 1996b; Tang et al. 1998). It is also
believed that the presence of cholesterol in the membrane limits this ability of αcrystallin to alter the membrane structure, acting as a structural regulator (Tang et al.
1998). Michea and colleagues determined that MIP26 preferentially binds to negatively
charged membranes (Michea et al. 1994). A recent study investigated aged human lens
membrane sections using Laurdan, a dye that is commonly used to measure the fluidity
of membrane and protein structures and two-photon confocal microscopy which allows
analysis with greater penetration depth of the tissue (Zhu et al. 2010a). The resulting
images combined with vesicle binding studies demonstrated that a decrease in the
concentrations of both α- and β-crystallin with age is related to an increased fluidity in
the membrane (Zhu et al. 2010a). These data suggest that the loss of these two families
of crystallins significantly disturbs membrane integrity and may influence the
functioning of the lens in older people.
Studies examining the effect of lipid composition on plasma membrane Ca2+-ATPase
(PMCA) activity determined that PMCA operated most efficiently when it was
14
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surrounded by human lens membranes; a highly ordered, saturated membrane
composed of a high concentration of sphingolipids and saturated glycerophospholipids
(Tang et al. 2006). PMCA is only present in the epithelial cells lining the anterior surface
of the lens which have a lipid composition similar to most tissues, however the
concentration of Ca2+ is vital to lens clarity; therefore the maintenance of a stable lipid
composition is essential for its functioning (Tang et al. 2006). AQP-0 has also been
shown in electron crystallography modelling studies to require phospholipids to interact
with proline residues for stabilisation of its tetramers (see Figure 1-6) (Gonen et al.
2005).

Figure 1-6. Nine lipids surrounding the AQP-0 monomer in 2D crystallographic modelling.
Figure taken from (Gonen et al. 2005).

In order to understand these protein-lipid interactions in the lens we must first
learn more about the molecular composition of the human lens. The lens protein
composition has been studied extensively; however there are still many unknowns with
regards to the lens lipids. It is important to discover, (i) whether lens lipids are pliable

15

Chapter 1. Introduction
through external influences such as diet; (ii) the mechanisms of lipid transfer into the
lens; and (iii) how the lens lipid composition is altered with age.

1.9 Lipids
There are three main categories of lipids found in a membrane:
glycerophospholipids, sphingolipids and cholesterol. Cholesterol is a major component
of the human lens membrane, composing 6.4 mg.g (tissue)-1 in a whole lens (Deeley et
al. 2008). Cholesterol is composed of four fused carbon rings (Figure 1-7). This shape
and the presence of the hydroxyl group allows cholesterol to interact with the polar
phospholipid headgroup and disrupt the regular interactions between the phospholipid
hydrocarbon chains (Yeagle 2005). Cholesterol functions to regulate membrane order
and fluidity (Yeagle 1985), which is vital to the lens as the nucleus relies on an optimal
transport of nutrients from the cortex. A number of studies have examined cholesterol
content in the human lens (Cotlier et al. 1978; Li et al. 1985; Borchman et al. 1996a;
Duindam et al. 1998; Jacob et al. 1999; 2001; Rujoi et al. 2003), and it has been shown to
increase dramatically with age in the human lens (Li et al. 1987), therefore cholesterol
has not been examined in this thesis.

Figure 1-7. The structure of cholesterol.
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Glycerophospholipids (GPs) and sphingolipids (SLs) are abbreviated as
recommended by Fahy et al. (2009) and are discussed in detail in sections 1.9.1 and
1.9.2, respectively.
1.9.1 Glycerophospholipids

1.9.1.1 General structure and lens components
Glycerophospholipids comprise a 3-carbon glycerol backbone to which 2 fatty
acyl chains and a phosphate bearing headgroup are bound (Figure 1-8). Sphingolipids,
the other component of phospholipids will be discussed in the following sections. There
are 6 main head group GP classes present in tissues including the lens. These include
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (PI), phosphatidylglycerol (PG) and phosphatidic acid (PA) (for PA R3
is simply a hydrogen). The different classes are named according to the moiety
phosphorylated at the sn-3 position as shown in Figure 1-8.

Figure 1-8. Phospholipid head groups.
R1 and R2 represent the hydrocarbon chain that corresponds to the substituent at the sn-1 and sn-2
positions respectively. R3 represents the head group moiety esterified to the phosphate group at the sn-3
position.
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Fatty acyl chains are typically ester-linked at the sn-1 and sn-2 positions of the
glycerol backbone (see Figure 1-8). The membrane’s physical and chemical properties
are largely controlled by the composition of its constituent fatty acids (FAs) and head
group (Subbs et al. 1990). FAs are long chain carboxylic acids that can be categorized as
saturates (SFAs), monounsaturates (MUFAs), and polyunsaturates (PUFAs). The more
common MUFAs are the omega 9 (n-9), whilst PUFAs can be further separated into
omega-3 (n-3) and omega-6 (n-6). “Omega” or “n” is used to denote the position of the
first double bond in the FA chain from the methyl end (Gurr et al. 2002). FAs commonly
found on vertebrate phospholipids (PLs) have a length of 16-22 carbons, can contain up
to 6 double bonds and are usually represented as the number of carbon atoms:number
of double bonds. For example, 22:6 n-3 (docosahexanoic acid or DHA) is a 22 carbon FA
chain with six double bonds, the first of which occurs three carbons from the methyl end
of the chain. As shown in Figure 1-9A, double bonds found in vertebrate unsaturated
fatty acyl chains are predominately cis rather than trans (Gurr et al. 2002). The cis
geometry about the double bond produces a kink in the chain (Feller et al. 2002; Gurr et
al. 2002). Therefore, greater unsaturation reduces the lateral packing of GPs, altering
the dynamic interactions of the molecules and increasing the membrane’s permeability
to water and ions (Feller et al. 2002).
Glycerophospholipids are named as follows: for example, phosphatidylserine
with 16:0 and 18:1 fatty acids attached at the sn-1 and sn-2 positions, respectively, is
named PS (16:0/18:1) as described by (Fahy et al. 2009). Fatty acids are most commonly
bound via an ester linkage, but may also be attached via an 1-O-alkyl-ether (Figure 1-9B)
or 1-O-alk-1-enyl (vinyl)-ether linkage (Pulfer et al. 2003). An ether linkage is most
commonly associated with the sn-1 position (Pulfer et al. 2003). 1-O-alkyl ether and 1-O-
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alkenyl ether lipids are abbreviated as described by Zemski Berry and Murphy (2004;
Fahy et al. 2009), for example, PE (18:1e/18:1) and PE (18:1p/18:1) respectively.

Figure 1-9. A) an example of a saturated fatty acid, palmitic acid (16:0) and oleic acid, an n-9
monounsaturated fatty acid; and B) an example of an 1-O-alkyl-ether linkage commonly found on the sn-1
position.
The double bond is in the –cis configuration, 9 carbons from the methyl end. R1 and R2 represent the
hydrocarbon chain that corresponds to the substituent at the sn-1 and sn-2 positions respectively.

In the majority of animals, the most abundant GP class in the lens is
phosphatidylcholine, representing 31-40 % of phospholipids detected (Deeley et al.
2008). The human lens is quite different however, with phosphatidylcholine comprising
only 10 % of the total PLs in a whole human lens, and phosphatidylethanolamine being
the most abundant of the GP classes (14.5 % of total PL detected) (Broekhuyse 1970;
Borchman et al. 1994; Huang et al. 2005; Deeley et al. 2008). Phosphatidylserine is the
third most abundant glycerophospholipid class, comprising approximately 8 % of the
total PL pool (Deeley et al. 2008). Other studies showed phosphatidylglycerols,
phosphatidic acid and phosphatidylinositol to be present in low abundance (0.5 % of the
total phospholipid pool) (Deeley et al. 2008). The major phosphatidylethanolamines and
phosphatidylserines present in the human lens have recently been identified as 1-O-alkyl
ethers (Deeley et al. 2009; Estrada et al. 2010). Total 1-O-alkyl ethers contribute 50 %
and > 60 % of the total phosphatidylethanolamines and phosphatidylserines,
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respectively, in a whole human lens (Deeley et al. 2008). Phosphatidylcholine and
phoshatidylglycerol ethers have also been reported to exist in the human lens in low
abundance (Estrada et al. 2010). 1-O-alkyl PE and PC ethers have been reported in other
human tissues, for example in breast, lung and prostate tissue, and have been shown to
increase in abundance in cancerous patients compared with control subjects (Snyder et
al. 1969; Smith et al. 2008). Lyso-derivatives of alkyl ether PCs form one of the
precursors to platelet activating factor, a potent lipid mediator involved in the
inflammatory process (Snyder 1990). 1-O-alkyl PS ethers have yet to be identified in any
other tissue. Within the lens, it is likely that the large abundance of 1-O-alkyl ether lipids
is due to their inherent stability in comparison to 1-O-alkenyl ether lipids. A mouse
dihydroxyacetone-phosphate

acyltransferase

gene

knockout

model

normally

responsible for ether lipid biosynthesis developed cataract, inferring a potential role for
ether lipids in the stability of the lens membrane (Rodemer et al. 2003).
Other

GPs present

in the

human lens include

lyso-derivatives of

phosphatidylethanolamines, phosphatidylserines and phosphatidylcholines in which the
fatty

acid

at

the

sn-2

position

is

absent

as

shown

in

Figure

1-10.

Lysophosphatidylethanolamines are the most abundant lysophospholipid, and
lysophosphatidylserines and lysophosphatidylcholines were also reported to be present
in the study by Estrada et al. (2010).
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Figure 1-10. An example of a lyso-derivative of a glycerophospholipid, lysophosphatidylethanolamine in
the ester, 1-O-alkyl and 1-O-alkenyl ether linked form.
R1 represents the hydrocarbon chain that corresponds to the substituent at the sn-1 position.

1.9.1.2 Glycerophospholipid synthesis
The de novo synthesis of glycerophospholipids is outlined in Figure 1-11 and
begins with the acylation of a fatty acyl CoA to the sn-1 position of glycerol-3-phosphate
to produce lysophosphatidic acid catalysed by glycerol-3-phosphate acyltransferase.
There are two isoforms of this enzyme, one in the mitochondrial membrane, the other
associated with endoplasmic reticulum (Dircks et al. 1997; Coleman et al. 2000). The
mitochondrial form favours more saturated (palmitoyl-CoA) fatty acyl chains, while the
endoplasmic reticulum isoform does not differentiate between the types of acyl chain
(Dircks et al. 1997; Coleman et al. 2000). A second acyl chain is then added to the sn-2
position to produce phosphatidic acid. This occurs via a second acyltransferase enzyme
which has been poorly characterised (Vance et al. 2004).

Phosphatidic acid is the major precursor in the synthesis of other
glycerophospholipid

classes.

Glycerophospholipids
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(biosynthetically) based on either the CDP-diacylglycerol pathway or the diacylglycerol
pathway. The former produces phosphatidylglycerol, phosphatidylinositol and
cardiolipin. As these glycerophospholipids are of low abundance in the lens they will not
be discussed further and the focus will be towards the latter pathway: the diacylglycerol
pathway.

The

diacylglycerol

pathway

produces

phosphatidylethanolamine,

phosphatidylserine and phosphatidylcholine, the major glycerophospholipid classes
present in mammalian lenses (Deeley et al. 2008).

Diacylglycerol is produced from the hydrolysis of phosphatidic acid by
phosphatidic acid phosphatase (Smith et al. 1957). It is then combined with precursors
of the different headgroups to produce phosphatidylethanolamine, phosphatidylserine
and phosphatidylcholine.
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Figure 1-11. The biosynthetic pathway of glycerophospholipids, in particular phosphatidic acid.

The biosynthetic pathway of phosphatidylethanolamine is shown in Figure 1-12.
Phosphatidylethanolamine can be produced by either the CDP-ethanolamine pathway
(Kennedy et al. 1956) or by the decarboxylation of phosphatidylserine (Borkenhagen et
al. 1961). Decarboxylation of phosphatidylserine to phosphatidylethanolamine occurs
via phosphatidylserine decarboxylase (Kanfer et al. 1964). Phosphatidylethanolamine
can also be converted to phosphatidylserine by the removal of ethanolamine and the
addition of L-serine via phosphatidylserine synthase 2 (Borkenhagen et al. 1961).
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In the CDP-ethanolamine pathway, ethanolamine is obtained exogenously and is
phosphorylated by ethanolamine kinase (Sung et al. 1967). CDP-ethanolamine is formed
by CTP-phosphoethanolamine cytidylyltransferase using CTP as a donor (Kennedy et al.
1956; Sundler 1975). The phosphoethanolamine portion of CDP-ethanolamine is then
transferred

to

diacylglycerol

by

ethanolaminephosphotransferase

phosphatidylethanolamine (Horibata et al. 2007).
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Figure 1-12. The biosynthetic pathway of phosphatidylethanolamine and phosphatidylserine.
R1 and R2 represent the hydrocarbon chain that corresponds to the substituent at the sn-1 and sn-2 positions respectively.

25

Chapter 1. Introduction

The biosynthetic pathway of phosphatidylcholine is shown in Figure 1-13.
Phosphatidylcholine follows a similar de novo synthetic pathway to that of
phosphatidylethanolamine. Choline must be obtained from the diet in mammals, and is
then converted to phosphocholine by choline kinase (Wittenberg et al. 1953). This
enzyme also has an affinity for ethanolamine (Ishidate et al. 1984; Ishidate et al. 1985).
Phosphocholine undergoes a second phosphate transfer through the interaction with
CTP as a substrate via CTP-phosphocholine cytidylyltransferase to form CDP-choline
(Kennedy et al. 1956; Borkenhagen et al. 1957). CDP-choline and diacylglycerol are used
as substrates by cholinephosphotransferase, the final enzyme in the synthetic pathway
to create phosphatidylcholine molecules (Coleman et al. 1977).
Phosphatidylcholine

can

also

be

formed

by

the

methylation

of

phosphatidylethanolamine, which was first reported by Bremer et al. (1960).
Methylation

occurs

in

three

steps,

catalysed

by

methyltransferase (Hirata et al. 1978; Schneider et al. 1979).
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Figure 1-13. The biosynthetic pathway of phosphatidylcholine.
R1 and R2 represent the hydrocarbon chains that corresponds to the substituent at the sn-1 and sn-2
positions, respectively.

Phosphatidylserine is formed by the exchange of head group moieties with
phosphatidylcholine and phosphatidylethanolamine in mammalian cells (Vance et al.
2004). As previously discussed, phosphatidylserine can be produced from the exchange
of ethanolamine for L-serine by phosphatidylserine synthase 2 (Borkenhagen et al.
1961). The choline moiety from phosphatidylcholines can be also exchanged for L-serine
by phosphatidylserine synthase 1 (Kuge et al. 1985; Voelker et al. 1986) (Figure 1-12 and
Figure 1-13).
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1.9.2 Sphingolipids
Sphingolipids are based on either a sphingosine or sphinganine backbone that
differ by a trans-double bond between the 4th and 5th carbons in the former (see Figure
1-14) (Merrill et al. 2009). Sphingolipids present in the human lens which have a
sphingosine backbone include ceramide (Cer), ceramide-1-phosphates (Cer1P) and
sphingomyelin (SM). Those with a sphinganine backbone are named similarly to the
sphingosine backbone with the inclusion of the prefix “dihydro-” (Tao et al. 1975;
Byrdwell et al. 1994; Estrada et al. 2010). Sphingomyelin and dihydrosphingomyelin are
similar in structure to ceramide and dihydroceramide (DHCer) with the inclusion of a
phosphocholine moiety esterified to the sphingoid backbone (Figure 1-14). These
molecules are biosynthetically related and will be discussed in more detail later.
Dihydrosphingomyelin and dihydroceramides are named according to their sphinganine
backbone (d18:0), and sphingomyelin and ceramides are named according to their
sphingosine backbone (d18:1) (Fahy et al. 2009). Fatty acyl chains are linked via an
amide bond at the 2nd carbon on the backbone, and are named in a similar fashion to
that of glycerophospholipids, e.g., a sphingomyelin with a 16:0 fatty amide chain would
be represented SM (d18:1/16:0). There are several other sphingolipid classes found in
other organisms, varying in backbone chain length, branching methyl groups and other
modifications (see Merrill (2009) for a review on sphingolipidomics).
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Figure 1-14. The main sphingolipid classes present in the human lens.
Dihydrosphingomyelin/dihydroceramide (d18:0) and sphingomyelin/ceramide (d18:1) differ in the
presence of a double bond at the trans-4 position of the sphingoid backbone. The sphingomyelin
molecules have the addition of a phosphocholine head group that differentiates them from their related
nd
ceramide molecules. R represents the fatty amide chain attached at the 2 carbon on the sphingoid
backbone. The standard nomenclature is based on the type of sphingoid backone, and the fatty amide
attached, e.g., (d18:0/16:0).

1.9.2.1 Choline-containing sphingolipids
Sphingomyelins have been known to exist in the human lens for approximately 50
years (Feldman et al. 1964), and were assumed to be the most abundant phospholipid
(Feldman et al. 1964; Broekhuyse 1969; Zelenka 1984). However in 1994, it was
discovered that another phospholipid was the most abundant lipid in the human lens,
and it was identified by
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P-NMR and other techniques as dihydrosphingomyelin

(Byrdwell et al. 1994; Ferguson et al. 1996). Dihydrosphingomyelin accounts for
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approximately 48 % of the total PL pool in the human lens (Deeley et al. 2008). Cholinecontaining sphingolipids, i.e., SM and DHSM combined, represent almost 70 % of the
total phospholipids in the human lens (Deeley et al. 2008). The most abundant
dihydrosphingomyelin, SM (d18:0/16:0) alone contributes 26 % to the total PL pool, and
constitutes 58 % of the total dihydrosphingomyelin (Byrdwell et al. 1997; Deeley et al.
2008). The second most abundant dihydrosphingomyelin, SM (d18:0/24:1) accounts for
36 % of the total dihydrosphingomyelin present in the human lens.

Sphingomyelin contributes 19 % to the total phospholipid content of the human
lens (Deeley et al. 2008). The main sphingomyelin molecules have the same fatty amides
as dihydrosphingomyelins, since desaturation follows the attachment of the fatty amide
by ceramide synthase (Michel et al. 1997) (Figure 1-15). SM (d18:1/16:0) and SM
(d18:1/24:1) represent 41 % and 24 % respectively, of the total sphingomyelin content in
the human lens (Deeley et al. 2008).

1.9.2.2 Ceramide and dihydroceramides
Ceramides and dihydroceramides were first identified in the human lens in 1975
using chromatographic techniques (Tao et al. 1975). Tao and Cotlier reported that
ceramides with 16:0 and 24:1 fatty amide chains were the most abundant in aged lenses
and that these increased substantially with cataract (Tao et al. 1975). Only age-matched
control lenses and cataract lenses were examined in this study. Ceramide levels of 270
nmol/g dry weight were calculated (between 48 and 70 years of age). Dihydroceramides
were found to be more abundant than ceramides. Ceramide in human and bovine lens
epithelial cells have been shown to reduce cell viability and induce cellular apoptosis
(Samadi 2007).
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Other derivatives of ceramides and dihydroceramides identified in the human
lens include ceramide-1-phosphate and dihydroceramide-1-phosphate (Estrada et al.
2010).

1.9.2.3 Sphingolipid synthesis
Figure 1-15 illustrates the synthetic pathway of common sphingolipids found in
the lens. De novo synthesis of sphingolipids begins with the reaction of palmitoyl-CoA
and serine catalysed by serine palmitoyltransferase to produce 3-ketosphinganine
(Brady et al. 1969). 3-ketosphinganine reductase reduces the 3-carbonyl oxygen to a
hydroxyl, creating sphinganine (Stoffel et al. 1968). Sphinganine (d18:0) forms the
structural template for sphingolipids found in the lens. (Dihydro)ceramide synthase
catalyses the acylation of sphinganine to dihydroceramide, via the fatty amide bond at
the 2nd carbon on the sphinganine backbone (Sribney 1966). (Dihydro)ceramide synthase
can utilise a number of different fatty amides, thus creating a variety of different
dihydroceramides. Dihydroceramide can be readily converted to ceramide by
dihydroceramide desaturase (Ternes et al. 2002), enabling the active 2nd messenger
sphingolipid, and the reverse can happen to deactivate ceramide to form the
metabolically inert dihydroceramide (Wolff et al. 1994; Galadari et al. 1998; Simon et al.
1998). Ceramides can be converted to sphingomyelin by sphingomyelin synthase
(Sribney et al. 1958). Sphingomyelin is also readily converted to ceramide by
sphingomyelinase (Barnholz et al. 1966; Chatterjee et al. 1989; Garner 2000).
Dihydrosphingomyelin is hypothesised to be derived from dihydroceramide via an
unknown enzyme (Michel et al. 1997). Ceramide-1-phosphates can be formed from
ceramides via the enzyme ceramide kinase (Bajjalieh et al. 1989), and can be converted
back to ceramides via a form of phosphatidate phosphatase (also known as 3-snphosphatidate phosphohydrolase or sphingosine-1-phosphate phosphatase 1) (Smith et
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al. 1957). Ceramide-1-phosphate can also be formed from sphingomyelin via the loss of
choline by the enzyme sphingomyelin phosphodiesterase D (Soucek et al. 1971).

Figure 1-15. The biosynthetic pathway of common sphingolipids found in the lens.

1.9.2.4 Functional implications for sphingolipid content in humans
Humans have a considerably longer lifespan than other animals. It has been
proposed that long-lived humans have a high concentration of dihydrosphingomyelin to
increase the stability of ocular membranes and their resistance to oxidation (Borchman
et al. 1999). Dihydrosphingomyelin has proven to be a very stable molecule in a
biological system over long periods of time, with it being the only lipid to survive in a
40,000 year old mammoth (Kreps et al. 1979). Analysis of camel lens lipids which have a
similar level of DHSM and SM content to that of humans (approximately 60-80 % of total
phospholipid) showed that, although these animals live in extreme environments, even
old camel lenses did not develop cataracts (Borchman et al. 2004). Data obtained from
different animals allowed Borchman and colleagues to postulate that an increase in
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DHSM and SM content correlated with an increased maximum lifespan (Yappert et al.
2003; Borchman et al. 2004). Although this theory does not apply to all mammals such
as the polar bear and camel (Yappert et al. 2003), it may provide a starting point for
understanding the significance of differing amounts of DHSM and SM in lens
membranes.

1.10 Implications for membrane turnover in the lens
Whole cellular turnover can occur within 3-6 days for tissues exposed to harsh
environmental conditions such as intestinal epithelium (Messaris et al. 2007). On the
other hand it has recently been recognised in humans that the body contains a number
of long-lived cells, e.g., brain (Bhardwaj et al. 2006), muscle cells (Moss et al. 1970),
adipocytes (Meulle et al. 2008; Spalding et al. 2008) and cardiomyocytes (Bergmann et
al. 2009) having very slow or no turnover during the lifespan of an individual. The
majority of these cells remain metabolically active throughout their lifespan, and
therefore despite a lack of turnover on a whole cell level, the membrane components of
these cells may still be regenerated to maintain optimal functioning of the cell. In
general, protein turnover can occur in tissues such as rat liver anywhere from 12
minutes to 10 days (Sterling 1951; Russell et al. 1969; Dice et al. 1975). The rate of
degradation and regeneration depends of the conformation of the protein, i.e., charge,
size, hydrophobicity and proteolytic susceptibility (Goldberg et al. 1976). In a similar
fashion, membrane lipid turnover in rat brain can occur within 2-10 minutes of
intravenous infusion of lipid precursors in vivo (Thies et al. 1994; Shetty et al. 1996), or
within two days in rat cardiac tissue under the influence of diet (Owen et al. 2004).
Therefore despite the cells remaining present over the individual’s lifespan, the
machinery to repair damaged components is still present and active. No literature to
date has examined the ability of long-lived cells to renew their membrane components
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as they age. The only clues to this possibility come from observations of lipids in tissues
such as the brain with age.
Svennerholm and colleagues noted marked changes in the phospholipid
composition of human myelin with age. PC, PS and SM and the phospholipid fatty acid
composition were altered substantially in the first five years of life (Svennerholm et al.
1978). A continuous reduction in total cholesterol, ganglioside and cerebroside levels in
various human brain regions with age may have implications for the functioning of
neuronal cells in old age (Svennerholm et al. 1991; Svennerholm et al. 1994). Other
groups observed age-related increases in dolichol (a group of polyisoprenes containing
between 17-21 isoprene units) levels in human brain (Söderberg et al. 1990) lung,
pancreas and adrenal glands (Anders et al. 1989).

Age-related alterations to membrane lipids could reflect dynamic metabolic
membrane remodelling through the activity of enzymes, or the susceptibility of lipids to
chemical modification. Little is known about the long term (i.e., decades) effects of an
“enzyme free” environment on the chemical stability of membrane components under
biological conditions. Lipid breakdown could arise due to; (i) hydrolysis owing to changes
in temperature or pH or (ii) oxidation, or a combination of both. Phospholipids in a
liposomal environment are stable to chemical hydrolysis over short periods of time at a
neutral pH (Ho et al. 1987), however an acidic enzyme-free environment hydrolyses
different phospholipid classes (Ho et al. 1987; Arnhold et al. 2002; Ickenstein et al.
2006). No literature has investigated the stability of lipids to chemical (non-enzymatic)
hydrolysis in situ over several decades. Limited studies have demonstrated that lipid
oxidation products increase with age in humans (Borchman et al. 1998; Mecocci et al.
1999). The probability of phospholipid oxidation increases with greater unsaturation of
fatty acids, as they are more susceptible to radical formation (Grit et al. 1993; Spiteller
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2006). Furthermore, glycerophospholipids are more susceptible to oxidation and
degradation than sphingolipids (Oborina et al. 2003).

The lens provides us with a unique case study, where there is no cellular
turnover as new cells that are created are stacked upon the existing cell layers as the
lens grows. On a molecular level, the proteins in the centre of the lens (the nucleus) are
not turned over during the lifespan of the individual (Lynnerup et al. 2008). The cellular
machinery needed for protein turnover is not present in the nucleus, with several
studies indicating the absence of enzymatic activity in the lens nucleus (Roelfzema et al.
1973; Dovrat et al. 1981; Dovrat et al. 1984; Scharf et al. 1987; Zhu et al. 2010b).
Similarly it has also been postulated that there is no lipid turnover in the nucleus
(Borchman et al. 1999); although this has not been experimentally proven to date. As
previously established in sections 1.8 and 1.9, lens membrane composition is unique and
has a strong relationship with the proteins it surrounds. The extent and ability for lipid
turnover in the lens needs to be studied in order to determine the capacity for the repair
of damaged lipids. Alternatively, if lipid turnover is not possible, it is imperative to
understand and monitor changes occurring to membrane lipids with age and relate
these to alterations occurring to the lens proteins and to the physical properties of the
lens.
Epidemiological studies suggest that the greatest risk factor for presbyopia and
age-related nuclear cataract (the two major pathological conditions associated with the
lens) is age (Huang et al. 2005). Proteins are exposed to post-translational modifications
daily with limited ability to renew damaged components. Antioxidants such as
glutathione which is present at high concentrations in the lens and α–crystallin’s role in
sequestering denatured proteins are the only preventative mechanisms present to slow
the damage. The supply of α-crystallin is finite and the nucleus relies on the transport of
nutrients from the epithelial and outer cortical regions. By middle age (40-50 years old)
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a barrier to the diffusion of water and antioxidants such as glutathione develops around
the normal lens nucleus, which results in a lower concentration of glutathione present in
old lens nuclei to protect proteins and lipids (Dickerson et al. 1997; Sweeney et al. 1998;
Moffat et al. 1999). The barrier is believed to be due to denatured α-crystallin
aggregating to the fibre cell membranes (Friedrich et al. 2009). With age, proteins
undergo racemisation (Fujii et al. 2000), deamidation (Hains et al. 2007) and truncation
(Takemoto 1999) due to the natural intrinsic instability of the protein chemical structure
over an extended period of time. As more modified proteins bind to membrane
components blocking the transport of antioxidants to the lens centre, the lens becomes
susceptible to oxidative damage to proteins and lipids in the lens nucleus. These insults
to the lens fibre cells are the hallmark of age-related nuclear cataract. Protein changes
with age and nuclear cataract (which are two very different processes) have been
extensively researched and reviewed (see reviews by Truscott (2000; 2005; 2009). The
limited information currently available about the changes to human lens lipids with age
will be discussed in detail in Chapter 4.

1.11 Lens lipid analysis
Lens lipids were first detected in 1825 (Berzelius 1825), and shortly after in the
mid 19th century a myelin-like molecule was observed in large quantities in the lens
(Mettenheimer 1857). 50 years later, cholesterol was shown to increase in the human
lens with age (Goldschmidt 1922). With the introduction of more sophisticated analysis
techniques such as gas chromatography (GC), saturated fatty acids were found to be in
high abundance in the human lens (Feldman et al. 1964). Palmitic acid (16:0) and
nervonic acid (24:1) were also identified in the sphingomyelin fraction of human lenses
(Feldman et al. 1964; Zigman et al. 1984). Lipid classes including cholesterol,
sphingomyelin, phosphatidylethanolamine, phosphatidylserine and glycolipids were
examined in detail using two-dimensional thin-layer chromatography (TLC) (Feldman et
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al.

1965a;

Feldman

et

al.

1965b).

Broekhuyse

and

colleagues

identified

phosphatidylcholine, ether and lyso derivatives of phosphatidylethanolamine and
phosphatidylcholine, and more minor components such as phosphatidic acid and
phosphatidylinositol (Broekhuyse 1969; Zigman et al. 1984). The ether lipids were
initially

classified

as

1-O-alkenyl

ethers

(see

Figure

1-10),

and

lysophosphatidylethanolamine was determined to be a naturally occurring product in
the lens (Broekhuyse 1969).
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Phosphorous-nuclear magnetic resonance (31P-NMR) was used in the late

1980s for the analysis of lipids (Meneses et al. 1988; Meneses et al. 1989) and the
technique was first applied to human lenses in 1991. In these measurements, each
spectral resonance represents one type of phosphorous atom from a particular
phospholipid molecule. The resonant frequency of a standard from each phospholipid
class can be then used to compare the resonances in an extract (Merchant et al. 1991).
This technique was used to look at phospholipid composition differences between the
epithelial cells, cortex and nucleus (Borchman et al. 1994). The definitive identification
of the major lens phospholipid, dihydrosphingomyelin was determined using
chromatographic separation, and comparison to a standard using 31P-NMR (Byrdwell et
al. 1994; Ferguson et al. 1996).
While TLC, GC and 31P-NMR have been valuable techniques for the analysis of
lens phospholipids to date, they have several disadvantages.
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P-NMR and GC in

particular require a substantial amount of tissue, approximately 600 mg in the former
case (Merchant et al. 1991) which equates to approximately two human lenses. The
need to pool tissue makes regional analysis (i.e., separation into nucleus and cortex) or
measurement of age-specific alterations difficult (Huang et al. 2005). 31P-NMR provides
only head group-specific structural information, and therefore requires complementary
techniques such as GC to examine the fatty acid portion of the lipid molecules. 31P-NMR
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relies on the comparison of spectral resonances obtained from standards to determine
the resonance of a lipid from an extract. The chemical shifts of some phospholipids can
however be sensitive to temperature, which creates the possibility of mis-assignment
(Huang et al. 2005; Estrada et al. 2010).
While requiring less tissue for analysis, GC requires extensive sample
preparation because of the need for hydrolysis of complex lipids and hydrolysis of the
resulting fatty acids which increases the chances of sample loss, contamination and
modification. Furthermore, information on the complex lipids is lost. TLC relies on the
retention factor of lipids, which depend on the type of plate and solvents used and
cannot readily be used as a quantitative method. Furthermore, the resolution of TLC is
low in comparison to other techniques. These chromatographic techniques provide
separation of lipid components, however does not provide independent identification of
the molecules in an extract. 31P-NMR, GC and TLC are normally expressed as a relative
mole percentage rather than absolute values.

1.12 Mass spectrometry
Mass spectrometry provides solutions to the disadvantages found with 31P-NMR,
thin layer chromatography and gas chromatography. Mass spectrometry allows for the
direct analysis of intact lipid molecules from very small samples (5-10 mg) with minimal
sample preparation. Tandem mass spectrometry techniques (discussed in the following
section) allow for the unambiguous assignment of the molecular structure of the lipid
molecule.

1.12.1 Matrix-assisted laser desorption ionisation mass spectrometry
Matrix-assisted laser desorption ionisation (MALDI) is a soft ionisation technique
that utilises a matrix composed of organic molecules that have a strong absorption at
the wavelength of the laser applied. The role of the matrix is to enhance ionisation and
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vaporisation of the analyte from the surface, and to protect it from degradation by the
laser (Gross et al. 1998). A schematic of the MALDI process is shown in Figure 1-16. The
matrix is applied in excess to the analyte on a metal surface. The sample is placed under
vacuum and a laser pulse is fired at the sample plate. The UV is absorbed by the matrix
and some of the energy is imparted to the analyte, causing both matrix and analyte
molecules to be desorbed off the surface and become ionised (Reyzer et al. 2005). A
voltage applied to the mass spectrometer inlet draws the ionised molecules in for
analysis (Gross et al. 1998).

Laser Beam
Analyte Ion

MALDI Plate

Mass Spectrometer Inlet

Matrix Ions
Matrix and Analyte Solution
Figure 1-16. A schematic for matrix-assisted laser desorption ionisation mass spectrometry.

MALDI has been applied to the analysis of lens phospholipids in lipid extracts,
and has recently been used to image lipid distributions in thin sections of lens tissue
(Yappert et al. 2003; Estrada et al. 2004; Rujoi et al. 2004; Deeley et al. 2010; Estrada et
al. 2010). The matrix is applied using a spray coater, spotter or can be sublimed onto the
MALDI plate (Schiller et al. 1999; Al-Saad et al. 2003; Jackson et al. 2005; Hankin et al.
2007).
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MALDI has the advantage of a high tolerance to impurities and the polarity of
the analyte and is simple and sensitive (Petkovic et al. 2001; Al-Saad et al. 2003; Jackson
et al. 2005). It is used to provide rapid screening of molecules present in an extract due
to its ability to positively ionise many subclasses at once, thus viewing them all in one
spectrum (Petkovic et al. 2001; Schiller et al. 2002). There are several disadvantages to
MALDI which has contributed to electrospray ionisation mass spectrometry being the
preferred technique for lipid analysis. These disadvantages include, (i) peak suppression
from phosphatidylcholine of all other phospholipids (in particular acidic phospholipids)
prevents quantification (Petkovic et al. 2001); (ii) the presence of several adducts of one
molecular species, e.g., [M+H]+, [M+Hn]+, [M+Hn+Nan]+, [M+Hn+Kn]+ means that relative
comparison between samples can be difficult; (iii) the fragmentation of lipids depends
on the character of the matrix (Harvey 1995), and (iv) stains from the preparation of
tissue sections can interfere with the matrix, reducing the signal to noise ratio (Jackson
et al. 2005). MALDI is however proving to be a particularly useful technique with the
introduction of imaging capabilities (Garrett et al. 2007).
1.12.2 Electrospray ionisation mass spectrometry

The analysis of PLs by electrospray ionisation mass spectrometry (ESI-MS) was
first described in 1991 (Duffin et al. 1991; Weintraub et al. 1991) and then again in 1994
(Han et al. 1994; Kerwin et al. 1994; Kim et al. 1994) and is currently the most widely
applied technique for PL analysis. ESI performs both the ionisation and volatilisation
required for analyte analysis in a single step and may be applied to the analysis of polar
non-volatile compounds (Fenn et al. 1989). A schematic diagram of the ESI source
operating in positive ion mode is shown in Figure 1-17. The analyte solution is passed
through a capillary tube that has a strong electric field applied to its tip. The low flow
rate and the strong electrical field cause ions to accumulate at the end of the capillary
(Fenn et al. 1990; Smith et al. 1990). The liquid phase is then released as droplets, and
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passed through nitrogen for evaporation, leaving gas-phase ions for analysis (Fenn et al.
1989; Fenn et al. 1990; Smith et al. 1990).
Cone

Mass Analyser

Analyte Ions
Capillary Tip

Solvent Evaporation

‘Columbic’ explosion

Negatively charged droplet
Positively charged droplet

Analyte

Figure 1-17. The principle of electrospray ionisation mass spectrometry in generating positive ions.

Each of the gas-phase ions shown in Figure 1-17 can be observed in a scan such
as the one shown in Figure 1-18. This is an example of an MS scan in positive ion mode
from a human lens extract from this study, in which all ions represent a different PL
detected within a desired mass range. This scan thus allows all of the positively charged
PL molecular species present in a crude lipid extract to be tentatively assigned based on
nominal mass to a headgroup class as well as the number of carbons and degree of
unsaturation.

Figure 1-18. An example of a positive ion mass spectrum of an 18 year old human lens extract.
m/z; mass-to-charge ratio.
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PL molecular species are ionised in the ESI source to form either positive or
negative ions depending on the polarity of the ESI field and the molecular structure of
the PL (Han et al. 2003). Neutral phospholipids such as PC, SM, PE and PS form positive
ions by protonation, however the latter two may also form negative ions by loss of a
proton from the phosphate moiety (see Figure 1-19). Conversely, PA, PG, PI and
cardiolipin (CL) molecular species are anionic (or dianionic in the case of CL) and are thus
observed as negative ions. Phospholipid derivatives such as DHCer and Cer can be
analysed in either positive or negative ion mode (Han 2002). Once ionised and
volatilised, the PL ions require mass separation in order to identify the molecular
structure. The most common form of mass spectrometer currently employed for this
task is the triple quadrupole.

Figure 1-19. An example of a negative ion mass spectrum of an 18 year old human lens extract.
m/z; mass-to-charge ratio.

1.12.3 Quadrupole mass analysers

Separation of ions in a quadrupole mass analyser is based on the ability to
create an electric field in which ions of a certain mass-to-charge ratio (m/z) are able to
pass through with a stable trajectory (Yates 1998). This is achieved by applying DC and
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radiofrequency (rf) AC voltages to four parallel metal rods simultaneously, hence the
name quadrupole (Yates 1998). By applying an rf voltage only, ions of any given m/z
possess stable trajectories allowing quadrupoles to be used as ion guides only.

A triple quadrupole mass analyser is made up of three sets of quadrupole rods
connected in series. The first and third quadrupoles act as mass analysers while the
middle acts as an rf-only collision cell. The collision cell may be filled with a neutral gas
such as argon to initiate collision-induced dissociation (CID) of mass selected ions, from
which the charged fragments can be analysed (Yates 1998). This dissociation and
analysis of analyte molecular ions is termed tandem mass spectrometry (MS/MS) and
allows definitive structural characterisation of analytes.
1.12.4 Tandem mass spectrometry
There are four different types of scans that are commonly acquired on a triple
quadrupole mass spectrometer. Figure 1-20 depicts the differences between each scan
and the function of each mass analyser unit.
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A. MS Scan

Scan m/z 600-860

Q2

Q3

r.f. only

r.f. only

Detector

Q1

B. Product ion scan
Q2

Q3

Fixed m/z of precursor ion

Collision cell

Scan m/z for fragments

Q2

Q3

Collision cell

Fixed m/z for fragments

Q2

Q3

Collision cell

Scan (600-860) - N

Detector

Q1

C. Precursor ion scan

Precursor ion scan m/z 600-860

Detector

Q1

D. Neutral loss scan

Precursor ion scan m/z 600-860

Detector

Q1

Figure 1-20. Scans using a triple quadrupole mass spectrometer.
A: MS scan, B: Product ion scan, C: precursor ion scan, D: neutral loss scan. Q1: mass analyser 1, Q2:
collision cell, Q3: mass analyser 2, N: mass of neutral fragment lost from precursor ion.

The first scan, characterised by the diagram in Figure 1-20A, is an MS scan,
which allows for the analysis of all ions within a desired range. In this mode quadrupole
1 (Q1) operates as a mass filter, while Q2 and Q3 are used in rf mode, allowing sourceformed ions to pass through to the detector.

While the general structure of a PL molecular species, i.e., head group, total FA
chain length and the number of double bonds may be inferred from the m/z observed in
an MS experiment, definitive identification is achieved through CID of the ionised lipids.
A negative ion product ion scan produces ions corresponding to both the FA chains and
a head group, providing a complete structural representation of the PL. Figure 1-20B
shows the configuration for a product ion scan, where only ions of a set m/z are able to
pass through Q1, with Q2 set as a collision cell. Q3 is responsible for detecting the
structurally characteristic fragments thus produced (Herbert et al. 2003). For example,
the CID of PE (17:0/17:0) as an [M-H]- ion, as shown in Figure 1-21, produces an ion at
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m/z 269 corresponding to the two 17:0 carboxylate ions arising from the fatty acyl
chains, and an ion at m/z 140 that corresponds to the phosphoethanolamine headgroup.
The ion at m/z 196 corresponds to the dilysophosphatidylethanolamine fragment,
arising from the neutral loss of both fatty acyl chains (one as a ketene R1CH=C=O and
one as an intact fatty acid, RCO2H). Other ions present are produced from the neutral
loss of the FA, and the neutral loss of the fatty acid as a ketene (m/z 448 and 466,
respectively).

The use of cationic adducts such as Na+, Li+ or K+ in positive ion mode MS/MS
experiments can provide complementary structural information (e.g., fatty acyl chain
identification) for phospholipids such as PC and SM, which do not provide abundant
fatty acyl fragments for definitive structural identification (Kerwin et al. 1994; Hsu et al.
1998; Hsu et al. 2000b; Ho et al. 2003). Additional fragmentation information can also
be obtained for PE and PS in positive ion mode with the use of cationic adducts (Hsu et
al. 2000a; Hsu et al. 2005). Alternatively, PC and SM can be analysed in negative ion
mode through the use of anionic adducts such as acetate (Manicke et al. 2008) or
chloride (Han et al. 1995).

-

Figure 1-21. A product ion scan of [PE (17:0/17:0) – H] in negative ion mode.
PE; phosphatidylethanolamine.
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Figure 1-20C represents a precursor ion scan, where Q1 scans over a set m/z
range allowing all ions within this range to sequentially enter the collision cell. In this
mode Q3 is set at a fixed m/z so that only ionised lipids producing a specific fragment
ion will be detected (Murphy 1993). An example of a precursor ion scan from a human
lens lipid extract is shown in Figure 1-22. This precursor ion scan identifies all PCs and
SMs by detecting the specific fragment of m/z 184.1, corresponding to the
phosphocholine head group.

Figure 1-22. An example of a positive ion mode precursor ion scan selective for the phosphocholine head
group (m/z 184) in an 18 year old human lens lipid extract.

The diagram shown in Figure 1-20D illustrates a neutral loss scan, which involves
scanning Q1 and Q3 (Murphy 1993). This scan filters through a set m/z range at Q1, with
Q3 mirroring this scan at a set m/z offset (N in Figure 1-20D). As demonstrated by the
neutral loss scan example shown in Figure 1-23, this scan allows for the detection of
analytes that produce a characteristic loss of an uncharged fragment.
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Figure 1-23. An example of a positive ion mode neutral loss scan selective for the phosphoserine head
group (185 Da) in an 18 year old human lens lipid extract.
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1.13 Thesis outline
This thesis has hypothesised: (i) due to a lack of available machinery there is no
lipid turnover in the lens nucleus, and (ii) this will lead to large changes in the lipid
composition of the lens nucleus with age.
Therefore the aim of this thesis is to examine in detail the alterations to human
lens lipids in the nucleus with age. Furthermore this thesis will probe the extent of lipid
turnover in the lens using rat models and human lenses. The principle technique used is
electospray ionisation tandem mass spectrometry, and other techniques including tissue
incubation and confocal microscopy and accelerator mass spectrometry will be used to
achieve these aims.
Chapter 2 investigates the influence of diet on the phospholipid composition of
the rat lens in comparison to rat skeletal muscle in vivo. It also provides for the first time
a detailed molecular identification of phospholipids in both the rat lens nucleus and
cortex.
Chapter 3 explores the diffusion of both fluorescently-tagged and isotopicallylabelled fatty acids into the lens using confocal microscopy and electrospray ionisation
mass spectrometry. These techniques allow us to examine both the extent of fatty acid
diffusion into the rat lens and their incorporation into complex lipids. These data will
also resolve contradictions found in the literature.
In Chapter 4 glycerophospholipids and sphingolipids (and their related
intermediates) were examined in the human lens nucleus with age. This study highlights
the importance of understanding lipid alterations in a tissue with no cellular or
molecular turnover, and has implications for the understanding of the presbyopic lens
and age-related nuclear cataract.
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Chapter 5 provides evidence that there is no lipid turnover in the nucleus of the
human lens. Using the radiocarbon bomb pulse that occurred from 1955-1963 due to
above-ground nuclear testing and accelerator mass spectrometry, we were able to
predict the year of birth of an individual by comparing 14C levels present in their lens
nuclei to those present in the atmosphere at that time.
The final chapter (Chapter 6) summarises work conducted in this thesis, the
implications these findings have for future lens studies and the possibilities for similar
studies in other tissues with slow cellular turnover.
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Chapter 2 - The
Phospholipid
Composition of the
Rat Lens is
Independent of Diet
Research described in this chapter has been published in:
Jessica R. Nealon, Stephen J. Blanksby, Sarah K. Abbott, A.J. Hulbert, Todd W. Mitchell,
Roger J.W. Truscott (2008); Phospholipid composition of the rat lens is independent of
diet, Experimental Eye Research, 87: 502-514

I would like to acknowledge the work of Mrs Sarah Abbott in determining the
diets to be used, feeding, maintaining and euthanasing the animals, and
measuring the fatty acid composition of each diet.

50

Chapter 2. The phospholipid composition of the rat lens is independent of diet

2.1 Introduction
Currently we know very little about turnover of lipid molecules in the lens, but
there are potentially significant implications arising from changes in the lipid profile.
Phospholipid composition of the membrane regulates membrane properties (Roach et
al. 2004) and this may be crucial for processes such as accommodation, which might
involve significant changes in fibre cell shape. In addition, phospholipids heavily
influence the activity of membrane-bound proteins (Else et al. 1999; Hulbert et al.
1999). More specifically, this has been demonstrated with lens phospholipids influencing
the activity of two Ca2+ATPase pump isoforms (Zeng et al. 1999; Tang et al. 2006). The
importance of the direct interaction of molecular phospholipids and proteins has been
recently established through the study of lens specific aquaporin-0 (Gonen et al. 2005).
Gonen and colleagues performed 2D electron crystallographic modelling to examine
phospholipids surrounding this protein, suggesting a role for them in bridging the AQP-0
tetramers, and thus maintaining the requisite structure to ensure proper function
(Gonen et al. 2005).

It is well established that dietary fatty acids can influence the membrane
composition of a variety of tissues (Pan et al. 1993; Ayre et al. 1996; Andersson et al.
2002; Owen et al. 2004; Turner et al. 2005). Fatty acids in the diet are transported
through the blood bound to albumin, and are imported into tissues via receptormediated mechanisms (Stremmel et al. 2001). This is important since some long chain,
unsaturated fatty acids are essential; i.e., they can only be obtained from the diet and
cannot be synthesised endogenously in animals. Incorporation of these fatty acids into
phospholipids takes place in organelles such as mitochondria and endoplasmic
reticulum. Borchman and colleagues, however have suggested that the lack of
intracellular organelles in lens fibre cells may prevent phospholipid turnover in lens
membranes (Borchman et al. 1999).
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As the lens is avascular, any molecules entering or leaving the lens must do so
via the aqueous or vitreous humors (see Figure 1-1). Albumin is the most abundant
protein found in the aqueous humor (Sabah et al. 2005) and it has been proposed that it
originates from the blood carrying dietary fatty acids with it to supply the ocular fluid. In
vitro studies by Sabah et al. (2005) have suggested that a fluorescently labelled fatty
acid, 4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPYC12), bound to albumin is able to enter the rat lens via a model aqueous humor matrix
and to travel to the nucleus within 12 hours. Significantly, chromatographic analysis of
the incubated lens were taken to suggest that some of these fatty acids were
incorporated into fractions containing some of the major phospholipid classes (Sabah et
al. 2005). Both of these claims are directly tested in Chapter 3. The ability of dietary fatty
acids to appear in nuclear fibre cell phospholipids in vivo however, is yet to be
demonstrated. By contrast, the effect of diet on the phospholipid fatty acid composition
of many tissues, e.g., skeletal muscle, is well established (Pan et al. 1993; Ayre et al.
1996; Otten et al. 1997; Andersson et al. 2002). A first step toward understanding lipid
turnover and regulation in the lens is to establish whether diet can influence the
composition of lens fibre cell membranes.

In this study I applied shotgun lipidomics (Han et al. 2005), a contemporary
electrospray ionisation tandem mass spectrometry (ESI-MS/MS) based method, to
analyse phospholipid composition as it is able to provide molecular characterisation and
quantification of a broad range of phospholipids. The aim was to determine if dietary
fatty acids could influence the phospholipid composition of rat lens fibre cells and to
compare this with their effect on skeletal muscle in the same animals.
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2.2 Materials and methods
Feeding and caring of the rats for this project was completed by PhD student Mrs Sarah
Abbott.
2.2.1 Materials
All organic solvents used were HPLC grade and purchased from Crown Scientific
(Moorebank, Australia). Analytical grade butylated hydroxytoluene (BHT) was purchased
from Sigma Aldrich (Castle Hill, Australia). Phospholipid standards were synthesised by
Avanti Polar Lipids (Alabaster, USA) and purchased from Auspep (Parkville, Australia).
2.2.2 Animals
Male Sprague-Dawley rats with an initial body weight of 260-270 g were
obtained from Gore Hill Research Laboratories (Sydney, Australia). Rats were housed
individually from seven weeks of age and kept under standard 12:12 hour light:dark
conditions. They were fed standard laboratory chow for one week, then randomly
assigned into three groups and fed either a high n-3 polyunsaturated fatty acid diet (n =
5), a high n-6 PUFA diet (n = 5) or a high saturated fatty acid diet (n = 5) for a total of
eight weeks (Table 2-1). The fatty acid composition of each diet was determined using
gas chromatography as previously described (Pan et al. 1993), and is shown in Table 2-2.
The diet composition and length of time of the study were predetermined as a result of
collaboration with a larger study by Mrs Sarah Abbott.

Rats were euthanised by intraperitoneal injection of sodium pentobarbitone
(400 mg.kg-1 body weight). Lenses and skeletal muscle (medial gastrocnemius) were
rapidly removed and stored at -80 oC until use. Lenses were sectioned into nuclear and
cortical regions using a 3 mm trephine. All experiments were approved by the Animal
Ethics Committee of the University of Wollongong (AE07/04).
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Data provided by Mrs Sarah Abbott.
Table 2-1. List of ingredients and energy proportions for diet mixtures

Ingredients
Oil mix*
Sucrose
Cornstarch
Casein
Fibre
Mineral mix
Vitamin mix
Gelatin
(Water)
Energy proportions in diet
Fat energy %
Carbohydrate energy %
Protein energy %

Amount (g)
120
82
493
155
50
40
10
50
450 mL
Percentage (%)
25
55
20

* for specific composition, see Table 2-2.
Table 2-2. Fatty acid composition of the diets

Fatty acid
14:0
16:0
16:1 (n-7)
18:0
18:1 (n-9)
18:2 (n-6)
18:3 (n-3)
% Sat
% Mono
% Poly
n-3 (% PUFA)

Rat Chow
0.1
10.2
0.8
2.6
34.7
49.9
0.3
13.7
36.1
50.3
0.3

High n-3
PUFA
0.5
4.6
0.0
2.3
9.8
11.0
69.1
9.6
10.2
80.2
86.3

High n-6 PUFA
0.1
10.4
0.8
2.7
35.0
49.6
0.3
14.0
36.1
49.9
0.6

High SFA
3.1
27.2
3.1
17.4
4.03
2.9
1.3
50.3
45.4
4.3
32.1

Values (mol % of fatty acid).

2.2.3 Lipid extraction
Tissue was homogenised by the following methods; lenses were homogenised in
test tubes using a metal stirring rod and were vortexed until the lens tissue was broken
down, and skeletal muscle was homogenised by hand-held glass homogenisers. Both
tissues were homogenised in chloroform:methanol (2:1 v/v) containing 0.01 % BHT at a
ratio of 20:1 solvent to tissue (w/v). A separate methanolic internal standard solution
was prepared for the lens and skeletal muscle, as the latter has a greater phospholipid
content and requires larger quantities of internal standards for quantification. The
standard solution for lens samples contained PC (19:0/19:0), 95 μM; SM (d18:0/12:0), 84
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μM; PS (17:0/17:0), 34 μM; PE (17:0/17:0), 39 μM; PG (17:0/17:0), 25 μM, PA
(17:0/17:0), 25 μM; and for skeletal muscle contained PC (19:0/19:0), 250 μM; SM
(d18:0/12:0), 250 μM; PS (17:0/17:0), 125 μM; PE (17:0/17:0), 188 μM; PG (17:0/17:0),
25 μM, PA (17:0/17:0), 25 μM. The concentration of each internal standard was
optimised to reflect the different concentrations of lipid classes within the tissue
extracts. The internal standard solution was prepared by appropriate dilution of
individual stock solutions where the concentration of each had been independently
established by phosphorus assay (Mills et al. 1984). The internal standard mixture was
added to the homogenates (approximately 2 mL each) at 1.4 mL.g-1 (tissue) for lenses
and 4 mL.g-1 (tissue) for skeletal muscle for later quantification of phospholipids.
Typically 50-60 mg of skeletal muscle tissue and whole nuclear and cortical sections
from lenses (weighing approximately 20 mg) were used for analysis. The homogenates
were rotated overnight at 4 °C and the lipids extracted by standard methods (Folch et al.
1957). In brief, 500 μL of ammonium acetate (0.15 M) was substituted for sodium
chloride to optimise conditions for mass spectrometry (Deeley et al. 2008) and added to
the homogenate, then centrifuged at 2000 g for five minutes. Following removal of the
organic phase, the homogenate was further washed with 2 mL of chloroform:methanol
(2:1 v/v) and centrifuged for another five minutes. The two organic phases were added
together and washed with 1 mL ammonium acetate (0.15 M). Following a third
centrifugation for five minutes, the aqueous layer was removed, and the organic layer
dried

down

at

37

°C

under

nitrogen.

Samples

were

reconstituted

methanol:chloroform (2:1 v/v) with 0.01 % BHT and stored at -80 °C until analysed.
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2.2.4 Mass spectrometry
All mass spectra were obtained using a Waters QuattroMicroTM (Waters,
Manchester, U.K.) equipped with a z-spray electrospray ion source and controlled by
Micromass Masslynx version 4.0 software. Capillary voltage was set to 3000 V, source
temperature 80 °C and desolvation temperature 120 °C. Cone voltage was set to 50 V
and 35 V in negative and positive ion modes, respectively. Nitrogen was used as the
drying gas at a flow rate of 320 L.h-1. Skeletal muscle phospholipid extracts were diluted
to a final concentration of approximately 40 μM by the addition of methanol:chloroform
(2:1 v/v), based on previously obtained phosphorous assays of rat skeletal muscle and
lens phospholipids (Mitchell et al. 2004; Deeley et al. 2008). Samples were infused into
the electrospray ion source at a flow rate of 10 μL.min-1 using the instrument’s on-board
syringe pump. In all precursor ion, neutral loss and product ion scans, argon was used as
the collision gas at a pressure of 3 mTorr and the collision energy was set between 22-50
eV depending upon the scan being performed (Table 2.3). PA, PG, PE and PS form [M-H]anions in negative ion mode and were detected in the mass range of m/z 640-940. SM
and PC were detected in positive ion mode at m/z 640-850. PE and PS also form
abundant [M+H]+ ions in positive mode and these were used for quantification. The
formation of these ions was enhanced, by the addition aqueous ammonium acetate (to
a final concentration of approximately 50 mM) (Thai et al. 1999). A combination of
precursor and neutral loss scans were used to identify the headgroup of each
phospholipid in positive and negative ion modes as previously described (Cole et al.
1991; Brügger et al. 1997). For phospholipid classes observed in negative ion mode,
precursor ion scans of the fatty acid carboxylate anions were used for the identification
of the fatty acids coupled with each individual phospholipid. For the identification of PCcoupled fatty acids, aqueous ammonium acetate was added (a final concentration of
approximately 50 mM) to aid the formation of either PC [M-15]- or [M+59]- anions, and
precursor ion scans of the fatty acid carboxylate anions were performed. The
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identification of suspected PE 1-O-alkenyl (plasmenyl) ether phospholipids was
confirmed by product ion scans of the [M+H]+ molecular ion that revealed characteristic
fragment ions for the alkenyl ether linked carbon chain and the ester linked carbon
chain (Zemski Berry et al. 2004). These spectra also revealed a characteristically low
abundance of the fragment ion resulting from the neutral loss of 141 Da as previously
reported (Zemski Berry et al. 2004). PE ether linkages were differentiated based on MS3
experiments, where 1-O-alkyl PE ethers produce a characteristic fragment at m/z 135
that is not present under MS3 conditions for 1-O-alkenyl PE ethers (Hsu et al. 2007;
Deeley et al. 2009). A full record of all scans performed in this study, including the
collision energy employed, is listed in Table 2-3. Collision energies were determined by
performing CID on each phospholipid internal standard and observing the energy
required to obtain maximal abundance of the desired fragment ion.
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Table 2-3. Mass spectrometry scan parameters*

Scan Type

Ion Mode

Fragment

Collision Energy (eV)

Phospholipid Class Scans
PC/SM

Precursor Ion

Positive

m/z 184.1

35

PE

Neutral loss

Positive

141.0 Da

25

PS

Neutral loss

Positive

185.0 Da

22

PA/PG

Precursor Ion

Negative

m/z 153.0

50

PI

Precursor Ion

Negative

m/z 241.0

45

14:0

Precursor Ion

Negative

m/z 227.4

50

15:0
16:0
16:1
17:0
18:0
18:1
18:2
18:3
20:1
20:2
20:3
20:4
20:5
22:4
22:5
22:6

Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion
Precursor Ion

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

m/z 241.4
m/z 255.4
m/z 253.4
m/z 269.4
m/z 283.4
m/z 281.4
m/z 279.4
m/z 277.4
m/z 309.4
m/z 307.4
m/z 305.4
m/z 303.4
m/z 301.4
m/z 331.4
m/z 329.4
m/z 327.4

50
50
50
50
50
50
50
50
50
50
35
35
35
35
35
35

Fatty Acid Scans

PC, phosphatidylcholine; SM, sphingomyelin; PE, phosphatidylethanolamine; PS,
phosphatidylserine; PA, phosphatidic acid; PG, phosphatidylglycerol; PI,
phosphatidylinositol; m/z, mass-to-charge ratio.
*Adapted from (Deeley et al. 2008).

Where two or more isomeric phospholipids were identified, a product ion
spectrum was obtained in negative ion mode and the relative abundance of each isomer
was determined by dividing the combined abundances of the two fatty acid carboxylate
ions arising from each lipid with the total abundances of all carboxylate anions. Neither
the relative position of the acyl chains on the glycerol backbone (sn-position) nor the
position of double bonds (Ekroos et al. 2003; Zemski Berry et al. 2004) can be rigorously
assigned from these data and therefore discussions in this chapter are based on the
naturally abundant regioisomers only.
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For phospholipid quantification, headgroup-specific neutral loss and precursor
ion mass spectra were obtained from averaging a minimum of 100 scans. Phospholipids
were quantified by comparing their peak areas with the appropriate internal standard
for each class after correction for isotope contributions (see below) (Han et al. 2005).
Some authors have suggested a decreasing detection efficiency for phospholipids with
increasing acyl chain length and have thus recommended the use of two or more
internal standards for each phospholipid class (Brügger et al. 1997; Koivusalo et al.
2001). Examination of this effect in our laboratory has found it to be negligible (Deeley
et al. 2008) in-line with literature precedent (Han et al. 2006a; Han et al. 2006b). Thus in
the present study we employed a single internal standard for quantification of each
phospholipid class as demonstrated in previous work (Lehmann et al. 1997; Han 2002;
Ehehalt et al. 2004; Mitchell et al. 2007a).
For phospholipid quantification, scans were combined and each individual peak
was smoothed and subtracted from the baseline. Peaks were centroided by combining
the area under each curve and a peak intensity list was generated. As shown in Figure
2-1, following isotope correction (see below), each peak area was normalised to the
isotope corrected internal standard, and was then multiplied by the known
concentration of each appropriate internal standard added during homogenisation
(nmol.g (tissue)-1).
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Figure 2-1. An example of the method for quantification of lipids. The spreadsheet is made in Microsoft Excel.
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Isotope corrections were used to correct for; (i) the greater contribution of
isotopic ions to the total abundance of larger phospholipids, and (ii) the contribution of
isotope peaks of one phospholipid to the area of the monoisotopic peak of a larger one.
To achieve this, the isotopic ion distribution of each phospholipid was calculated from
isotope models and the area of the monoisotopic peak multiplied by the calculated
correction factor. This calculation started with the smallest observed phospholipid so
that any contribution of its isotope peaks to the area of phospholipids of greater m/z
could be subtracted before subsequent isotope calculations were performed.
A correction factor of 3.4 was also employed for the quantification of PE 1-Oalkenyl to account for the different fragmentation efficiency of these ethers compared
with diacyl PE in forming the neutral loss of 141 Da as previously determined (Mitchell et
al. 2007a).
2.2.5 Statistical analysis
Data were analysed by a one-way ANOVA using diet as a fixed factor, with a
Student’s t test for comparison of means. For unequal variances, a Welch one-way
ANOVA was undertaken. P values of < 0.05 were considered statistically significant, and
all values are expressed as means ± SE. Statistical analyses were completed using JMP
5.1 (SAS Institute Inc. NC, USA).
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2.3 Results
2.3.1 Comparison of body and lens weights
The average initial body weight of each diet group of five rats was 285±5 g,
286±14 g, 313±9 g for the high n-3 PUFA, n-6 PUFA and SFA diets respectively. This body
weight was measured at eight weeks of age prior to commencement of the diets. The
rats in all diet groups approximately doubled in size at 16 weeks of age prior to
euthanasia (490±15 g, 536±36 g, 523±15 g for the high n-3 PUFA, n-6 PUFA and SFA
diets). This increase in body weight was reflected in skeletal muscle and lens weight. A
control group of rats were euthanized at eight weeks of age and lens and skeletal muscle
weights were taken to compare with those rats euthanized at 16 weeks. The skeletal
muscle increased in weight from an average of 0.9±0.1 g at eight weeks of age to an
average of 1.2±0.1 g, 1.3±0.1 g and 1.3±0.0 g for the high n-3 PUFA, n-6 PUFA and SFA
diets respectively at 16 weeks of age. Similarly, the lens almost doubled in weight, with
an average weight of 26±2 mg in the baseline group compared to 48±6 mg, 48±1 mg and
50±0 mg for the high n-3 PUFA, n-6 PUFA and SFA diets respectively.
2.3.2 Phospholipid class comparison
The distribution of phospholipids across the different classes is illustrated in
Figure 2-2. Previous studies have shown phosphatidylcholine to comprise the greatest
percentage of total phospholipids in the rat lens, followed by phosphatidylserine,
phosphatidylethanolamine, sphingomyelin and phosphatidic acid (Deeley et al. 2008).
This trend is consistent with the current study for both the nuclear and cortical regions.
Phosphatidylcholine was by far the most abundant lipid class in the nucleus and cortex,
contributing an average of 46-49 % to the total phospholipid content (Figure 2-2A and
Figure 2-2B). Phosphatidylserine contributed an average of 18-23 % to the total
phospholipid content in the nucleus and cortex. Phosphatidylethanolamine and
sphingomyelin were less abundant constituents, comprising 10-17 % and 13-17 % in the
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lens, respectively (Figure 2-2A and Figure 2-2B). Other phospholipid classes such as PA,
PG and PI combined were found to contribute less than 5 % of the total phospholipids in
the lens, and were not examined further.
The phospholipid profile of rat skeletal muscle is different from the lens. As
illustrated in Figure 2-2C, phosphatidylcholine is the most abundant lipid class, followed
by phosphatidylethanolamine. Sphingomyelin and phosphatidylserine contribute an
average of 4 % and 5 % to the total phospholipid present in rat skeletal muscle.
The distribution of phospholipid classes showed no significant differences in the
cortex and skeletal muscle between the high n-3 PUFA, high n-6 PUFA and high SFA
diets. The nucleus showed statistically significant differences in phosphatidic acid
content between the high n-3 PUFA and the other diets (p < 0.05), however this
presents a difference of only 17 nmol.g (tissue)-1 between two diets, thus further
analysis of this change at an individual molecular level is beyond the sensitivity of the
instrument. The remarkable consistency between the three diet groups allowed us to
express the data for individual molecules as a relative percentage of the total
phospholipid class.
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Figure 2-2. The distribution of phospholipid classes in the A) lens nucleus, B) lens cortex and C) skeletal
muscle of rats fed either a high n-3 PUFA, high n-6 PUFA or high SFA diet.
Values are expressed as an average relative percentage of the total phospholipid molecules present in the
extract ± SE. PC, phosphatidylcholine; SM, sphingomyelin; PE, phosphatidylethanolamine; PS,
phosphatidylserine; PA, phosphatidic acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid. (n
= 5). ●, p < 0.05.

64

Chapter 2. The phospholipid composition of the rat lens is independent of diet
2.3.3 Choline-containing phospholipids
Phosphocholine containing molecules, including phosphatidylcholine and
sphingomyelin were detected by performing a precursor ion scan of m/z 184.1 in
positive ion mode and were quantified by comparison with internal standards. These
phospholipids have been previously shown to be the most abundant in whole rat lenses
(Deeley et al. 2008), and are illustrated qualitatively in the representative spectra shown
in Figure 2-3. The internal standards used for quantification for PC (19:0/19:0) and SM
(d18:0/12:0) are at m/z 818.8 and 649.6 respectively. Phosphatidylcholine is the most
abundant phospholipid class in the nucleus, cortex and skeletal muscle, averaging 46, 49
and 73 % of total phospholipids, respectively. Sphingomyelin is also relatively abundant
in the nucleus and cortex, contributing 13-17 % of the total phospholipids in the lens.
The main ions present in the mass spectra obtained from the nuclear extracts
from all diet groups were m/z 703.6 (SM (d18:1/16:0)), 706.6 (PC (14:0/16:0)), 732.6 (PC
(16:0/16:1)), 734.6 (PC (16:0/16:0)) and 760.6 (PC (16:0/18:1)) (Figure 2-3). These
phospholipids were present in all diet groups and in similar relative abundances with
respect to the internal standards.

Figure 2-3. Positive ion mass spectra of the phosphocholine cation (m/z 184) precursors showing the
profile of all phosphocholine containing phospholipids, i.e. phosphatidylcholine (PC) and sphingomyelin
[SM (d18:1)] found in the nuclear region from A) High n-3 PUFA, B) High n-6 PUFA and C) High SFA diets.
m/z, mass-to-charge ratio.
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The mass spectra of PC and SM lipids in the cortical region of the lens (Figure
2-4) showed a similar pattern to those seen in the nucleus. The major phospholipids
were found at m/z 703.6 (SM (d18:1/16:0)), 706.6 (PC (14:0/16:0)), 732.6 (PC
(16:0/16:1)), 734.6 (PC (16:0/16:0)) and 760.6 (PC (16:0/18:1)) and were found to have
similar relative abundances in each diet group.
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Figure 2-4. Positive ion mass spectra of the phosphocholine cation (m/z 184) precursors showing the
profile of all phosphocholine containing phospholipids, i.e. phosphatidylcholine (PC) and sphingomyelin
[SM (d18:1)] found in the cortex region from A) High n-3 PUFA, B) High n-6 PUFA and C) High SFA diets.
m/z, mass-to-charge ratio.

Unlike the lens, the mass spectra of skeletal muscle extracts from each of the
three diets show marked variation. In the high n-3 PUFA diet shown in Figure 2-5A, the
most abundant phosphatidylcholine was PC (16:0/18:2) at m/z 758.6. In contrast, the
most abundant lipid found in the high n-6 PUFA diet (Figure 2-5B) is PC (16:0/20:4) at
m/z 782.6. These two major constituents, PC (16:0/18:2) and PC (16:0/20:4), were
present at similar levels in the high SFA diet (Figure 2-5C). Also apparent in the high SFA
diet was an increase in abundance of other phospholipids, in particular PC (16:0/18:1) at
m/z 760.6 and PC (16:0/22:6) at m/z 806.6.
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Figure 2-5. Positive ion mass spectra of the phosphocholine cation (m/z 184) precursors showing the
profile of all phosphocholine containing phospholipids, i.e. phosphatidylcholine (PC) and sphingomyelin
[SM (d18:1)] found in the skeletal muscle from A) High n-3 PUFA, B) High n-6 PUFA and C) High SFA diets.
m/z, mass-to-charge ratio.

2.3.3.1 Phosphatidylcholine
The concentration of individual phosphatidylcholine molecules are depicted in
Figure 2-6 as a percentage of the total phosphatidylcholines present in each tissue. Of
the phosphatidylcholines in the nucleus, PC (14:0/16:0) was found to be significantly
higher in abundance in the high n-6 PUFA diet compared to the high SFA diet (168.6 vs
141.9 nmol.g (tissue)-1, 1 % difference, p < 0.05). The other abundant
phosphatidylcholines showed no significant differences in the relative percentages
between the high n-3 PUFA, high n-6 PUFA and high SFA diets. Less abundant
phospholipids such as PC (16:0/18:0) and (18:0/18:1) showed significant differences (p <
0.05), however they present at less than 5 % of total phosphatidylcholines.

Interestingly, some phosphatidylcholines in the cortex were not detected in the
nucleus. For example, two molecules PC (18:1/18:1) and (18:0/22:6) were not found in
the nucleus at detectable levels. In the cortex, PC (14:0/16:0) was found to be
significantly more abundant in the high n-6 PUFA diet than the high n-3 PUFA diet (184.0
vs 173.0 nmol.g (tissue)-1, 1 % difference p < 0.05). The other major molecules, PC
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(16:0/16:1), (16:0/16:0) and (16:0/18:1) in the cortex showed no significant differences
between diets.
In contrast, phosphatidylcholines found in skeletal muscle showed much greater
variability (Figure 2-6C). The major phosphatidylcholines in skeletal muscle in all three
diets were PC (16:0/18:2), (16:0/18:1) and (16:0/20:4), with large differences in the
relative abundances observed between the three diets. PC (16:0/18:2) contributed 32 %
of total phosphatidylcholine in high n-3 PUFA diet, 18 % in high n-6 PUFA diet and 20 %
in the high SFA diet. This phospholipid was significantly different between the high n-3
PUFA and SFA diets (1.9 vs 1.3 µmol.g (tissue)-1, 13 % difference p < 0.001) and between
the high n-3 and n-6 PUFA diets (1.9 vs 1.0 µmol.g (tissue)-1, 15 % difference p < 0.001).
In skeletal muscle, PC (16:0/18:1) (an abundant but diet insensitive PC in the lens) was
significantly higher in the high SFA diet (14 %) compared to the high n-3 PUFA (8 %, p <
0.001) and high n-6 PUFA (9 %, p < 0.001) diets. In contrast, PC (16:0/20:4) was most
abundant in the high n-6 PUFA diet (32 %) and was significantly higher than that found
in the high n-3 PUFA diet (12 %, p < 0.001) or the high SFA diet (19 %, p < 0.001).
Despite there being some differences in the lens nucleus and cortex, the
differences were minor in magnitude by comparison with those found in skeletal
muscle. For example, PC (14:0/16:0), a major phospholipid in the nucleus differed in
amount between the high n-3 PUFA and high SFA diets by 18.9 nmol.g (tissue)-1 (3 %
difference), in comparison to PC (16:0/18:2) in skeletal muscle which differed by 903.9
nmol.g (tissue)-1 (45 % difference) between the high n-3 PUFA and high n-6 PUFA diets.
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Figure 2-6. Phosphatidylcholine molecules found in the A) nucleus; B) cortex and C) skeletal muscle of rats
fed on either a high n-3 PUFA, high n-6 PUFA or high SFA diet.
Values are expressed as an average relative percentage of total phosphatidylcholines present in the
extract ± SE. PC, phosphatidylcholine; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid. (n = 5).
•, p < 0.05;, p < 0.001.
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2.3.3.2 Sphingomyelin
Sphingomyelins contributed 17, 13 and 4 % to the total phospholipid content of
the nucleus, cortex and skeletal muscle, respectively (Figure 2-2). As shown in Figure
2-7, there were some variations between the types of sphingomyelins present in the
nucleus and cortex. Sphingomyelins such as SM (d18:1/14:0), (d18:1/18:1) and
(d18:1/22:2) were present in the nucleus, but not present in the cortex at detectable
limits. The same major sphingomyelins dominated (SM (d18:1/16:0) and (d18:1/24:1))
and were found in similar abundances in both regions of the lens.
The abundant sphingomyelins present in the nucleus, SM (d18:1/16:0) and
(d18:1/24:1) did not demonstrate any statistically significant difference in abundance
between diets (Figure 2-7A). Lipids such as SM (d18:1/18:0) and SM (d18:1/24:2) were
shown to be significantly higher in abundance in the high n-6 PUFA diet than the high n3 PUFA diet (10.8 vs 9.8 nmol.g (tissue)-1 and 43.1 vs 35.5 nmol.g (tissue)-1, respectively)
(p < 0.05).
There were fewer sphingomyelins present in the cortex than in the nucleus. SM
(d18:1/16:0) and (d18:1/24:1) were the most abundant sphingomyelins in both lens
regions (Figure 2-7B). SM (d18:1/16:0) was significantly higher in abundance in the high
n-6 and high SFA diets compared to the high n-3 PUFA diet (p < 0.05). Similar differences
were observed in less abundant sphingomyelins such as SM (d18:1/24:2) (30.0 vs 35.9
nmol.g (tissue)-1 for high n-3 PUFA vs high n-6 PUFA, p < 0.05). SM (d18:1/22:1) was
significantly lower in abundance in the high n-6 PUFA diet compared the high n-3 PUFA
and high SFA diets (p < 0.05).
There were only two sphingomyelins detected in skeletal muscle, SM
(d18:1/16:0) and SM (d18:1/24:1) (Figure 2-7C) and they contributed a mere 4 % to the
total phospholipid content and showed no variation in abundance between the three
diets.
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Figure 2-7. Sphingomyelin molecules found in the A) nucleus; B) cortex and C) skeletal muscle of rats fed
on either a high n-3 PUFA, high n-6 PUFA or high SFA diet.
Values are expressed as an average relative percentage of total sphingomyelins present in the extract ±
SE. SM, sphingomyelin; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid. (n = 5). •, p < 0.05; ,
p < 0.001.
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2.3.4 Phosphatidylethanolamine
In the current study, phosphatidylethanolamines contributed on average, 10, 17
and 19 % to the total phospholipid content in the nucleus, cortex and skeletal muscle,
respectively. Molecular phosphatidylethanolamines are presented in Figure 2-8 as a
percentage of the total PE.

As with phosphatidylcholine and sphingomyelin, there were significant
differences between cortex and nucleus in the types of phosphatidylethanolamines that
were present. Three minor lipids, PE (16:0/16:1), (18:0/18:1) and (16:0/22:6) present in
the cortical region were not detected in the nuclear region. The abundance of PE
(18:1/18:1) in the nucleus was 41.4 nmol.g (tissue)-1 compared to 157.5 nmol.g (tissue)-1
seen in the cortex. It is this molecule therefore, that accounts for the variation in relative
abundance seen in other phosphatidylethanolamines. For example, in absolute terms
the amount of PE (18:1p/18:1) present in both the cortex and nucleus is between 52 and
54 nmol.g (tissue)-1. Similarly to PE (18:1/18:1), PE (16:0/18:2) appears to be similar in
relative abundance, but is present in absolute amounts of 11.5 nmol.g (tissue)-1 in the
nucleus compared to 42.8 nmol.g (tissue)-1 in the cortex.

The most abundant phosphatidylethanolamine in the nucleus for all three diet
groups (Figure 2-8A) was PE (18:1p/18:1), a 1-O-alk-1-enyl ether. This lipid was detected
at concentrations as high as 59.2 nmol.g (tissue)-1, and its percentage of total
phosphatidylethanolamine was on average 32 % across the three diets (no statistically
significant difference observed). No PEs showed significant differences in the nucleus.

The phosphatidylethanolamines in the cortex are shown in Figure 2-8B. The
most abundant molecule, PE (18:1/18:1) made up almost 35 % of total
phosphatidylethanolamines

in

all

three

diets.

phosphatidylethanolamines between diets were observed.
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Distinct variations were observed in skeletal muscle phosphatidylethanolamines
associated with diet. Statistically significant differences between at least two diet groups
were measured in nine phosphatidylethanolamines. The magnitude of these variations
was up to 171.4 nmol.g (tissue)-1 or 31 % of total PE between the high SFA and high n-6
PUFA diets. The most abundant phosphatidylethanolamine, PE (18:0/22:6) was
significantly more abundant in both the high n-3 PUFA diet (593.6 nmol.g (tissue)-1) and
high SFA diet (561.9 nmol.g (tissue)-1, p < 0.001) than the high n-6 PUFA diet (390.5
nmol.g (tissue)-1, 12-13 % difference). There were also significant differences observed in
PE (18:0/20:4), with the high n-6 PUFA diet (208.7 nmol.g (tissue)-1, p < 0.001) being
significantly higher than both high n-3 PUFA (103.6 nmol.g (tissue)-1) and high SFA (61.5
nmol.g (tissue)-1, p < 0.05), and PE (18:0/22:5) being significantly higher in high n-6 PUFA
than both high n-3 PUFA and high SFA (p < 0.001).
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Figure 2-8. Phosphatidylethanolamine molecules found in the A) nucleus; B) cortex and C) skeletal muscle
of rats fed on either a high n-3 PUFA, high n-6 PUFA or high SFA diet.
Values are expressed as an average relative percentage of total phosphatidylethanolamines present in
the extract ± SE. PE, phosphatidylethanolamine; PUFA, polyunsaturated fatty acid; SFA, saturated fatty
acid. (n = 5). •, p < 0.05; , p < 0.001.
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2.3.5 Phosphatidylserine
Phosphatidylserines from the nucleus, cortex and skeletal muscle are expressed
as a percentage of the total PS in Figure 2-9. This class contributed on average 23, 18
and 5 % to the total phospholipid content of the nucleus, cortex and skeletal muscle,
respectively.

In the case of phosphatidylserines, a similar profile was observed for the nucleus
and the cortex with the concentration of PS (18:1/18:1) slightly higher in the latter tissue
(132.2 vs 177.6 nmol.g (tissue)-1) and the presence of a low concentration molecule (PS
(16:0/22:6)) at 16.7 nmol.g (tissue)-1 was detected in the cortex but was not detectable
in the nucleus.

The phosphatidylserines in the nucleus are shown in Figure 2-9A. There are
three major PS molecules, PS (16:0/18:1), (18:1/18:1) and (18:0/18:1) which contribute
on average 21, 33 and 24 % of total phosphatidylserines in the three diet groups. There
were no significant differences between the diet groups in the nucleus.

The majority of phosphatidylserines present in the cortex of the lens showed no
significant differences between the three diet groups (Figure 2-9B). The most abundant
molecules were PS (16:0/18:1), (18:1/18:1) and (18:0/18:1), representing 18, 36 and 21
% of the total phosphatidylserine content.

Phosphatidylserines in skeletal muscle were very different from those in the
lens. The main phosphatidylserine present was PS (18:0/22:6), which was significantly
more abundant in the high n-3 PUFA (237.9 nmol.g (tissue)-1) and high SFA diet (270.2
nmol.g (tissue)-1) than the high n-6 PUFA diet (151.0 nmol.g (tissue)-1) (14-17 %
difference, p < 0.001). This molecule alone contributed 57 % to the total
phosphatidylserines in the high SFA diet. PS (18:0/22:5) was the second most abundant
molecule, and was significantly higher in both high n-3 PUFA (95.9 nmol.g (tissue)-1) and
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high n-6 PUFA diets (91.2 nmol.g (tissue)-1) compared to the high SFA diet (53.0 nmol.g
(tissue)-1) (11-13 % difference, p < 0.001).

The only phosphatidylserine in the lens that demonstrated a significant
difference between two diets was PS (18:1/20:4) in the cortex (high n-3 PUFA vs high n-6
PUFA, p < 0.05). Although the levels of this molecule were statistically significant, the
absolute difference was small, corresponding to just 5.5 nmol.g (tissue)-1 (1.5 % vs 1.7 %
in the high n-3 and high n-6 PUFA diets respectively). By contrast, PS (18:0/22:6) a major
component in skeletal muscle was significantly different between the high n-6 PUFA and
high SFA diets, equivalent to 119.1 nmol.g (tissue)-1 (57.2 % vs 40.2 % in the high n-6
PUFA and high SFA diets respectively). Therefore the magnitude of difference in the
cortex is very small by comparison with that seen in skeletal muscle.
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Figure 2-9. Phosphatidylserine molecules found in the A) nucleus; B) cortex and C) skeletal muscle of rats
fed on either a high n-3 PUFA, high n-6 PUFA or high SFA diet.
Values are expressed as an average relative percentage of total phosphatidylserines present in the extract
± SE. PS, phosphatidylserine; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid. (n = 5). •, p <
0.05; , p < 0.001.
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2.4 Discussion
In the current study rats were fed one of three diets for a total of eight weeks,
following which their lenses were examined to discover if the phospholipid composition
could be influenced by diet. Measurements were compared to that of a known diet
responder, skeletal muscle.

A recent comparison from our own laboratory of animal and human lens
phospholipids demonstrates that the membrane phospholipid composition of the
human lens is distinct from other animals including the rat and thus suggests caution in
extrapolating the findings of animal studies to humans (Deeley et al. 2008). Despite
these acknowledged limitations, the impracticality of undertaking this type of study in
humans necessitates the use of animal models, and it is therefore instructive to consider
the present findings as a model for the mechanisms of lipid turnover in the human lens.

Lenses in the current study were sectioned into cortical and nuclear regions. The
size of the trephine chosen to delineate the cortex and nucleus was such that the entire
cortical region was formed during the course of the diet. As previously mentioned, rat
body weight and lens weight doubled during the eight weeks of dietary intervention.
Therefore if diet affected the membrane phospholipid composition we would expect
that there would have been clear differences in the phospholipid composition of the
cortex between the three diets. This was not found, suggesting that either the synthesis
of lens fibre membranes is tightly regulated or that dietary fatty acids are not delivered
to the lens fibre cells. The fact that essential fatty acids that can only be obtained from
the diet were observed in both the nuclear and cortical regions (e.g., PS (18:0/22:6)) of
the lens indicates that the latter explanation is unlikely.

The proportion of phospholipids in each class was similar to that observed in
other studies using intact (whole) lenses (Deeley et al. 2008). We did, however, find
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differences between the lipid composition of the cortex and nucleus. For example, there
tended to be fewer individual phospholipids in the three main glycerophospholipid
classes of the nucleus. This was illustrated in phosphatidylcholine where PC (18:1/18:1)
and (18:0/22:6) were detected in the cortex but not in the nucleus. Similar patterns
were observed for phosphatidylethanolamine and phosphatidylserine (Figure 2-8 and
Figure 2-9). The concentration of phospholipids varied between the nucleus and the
cortex, for example PC (16:0/16:1) was present at 108 nmol.g (tissue)-1 in the nucleus
and 195 nmol.g (tissue)-1 in the cortex. The most abundant phosphatidylcholine in the
lens, PC (16:0/18:1) was higher in concentration in the cortex than in the nucleus (337
nmol.g (tissue)-1 vs 180 nmol.g (tissue)-1) yet this molecule remained consistent in
abundance between the three diets. Similar observations occurred for the other
phospholipid classes. The dominant phospholipids in both regions of the lens contained
fatty acids that were either saturated or monounsaturated. In the nucleus, there were
no essential fatty acids (such as linoleic (18:2), arachidonic (20:4) or docosahexanoic acid
(22:6)) associated with the phosphatidylcholine head group. All essential fatty acids
were found in phosphatidylethanolamines and phosphatidylserines. By contrast in the
cortex, such fatty acids were present in all major phospholipid classes. In both regions of
the lens, the abundance of these essential fatty acids is low in comparison to nonessential fatty acids. The difference in the types of phospholipids present, and their fatty
acid compositions between cortex and nucleus may not be surprising considering that
the proteins in the lens also change substantially. For example, in the human, synthesis
of γD-crystallins occurs in utero and its synthesis is replaced postnatally by γS-crystallins
in the cortex (Harding 1991; Mills et al. 2007).

The phospholipid composition of rat skeletal muscle was very different to that of
the lens. Skeletal muscle has a higher proportion of essential fatty acids, and these are
present on the most abundant lipids in each class. For example, PC (16:0/18:2) and
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(16:0/20:4) were the most abundant phosphatidylcholines, PE (18:0/20:4) and
(18:0/22:6) were the most abundant phosphatidylethanolamines, and PS (18:0/22:6)
and (18:0/22:5) were the most abundant phosphatidylserines, as observed previously
(Mitchell et al. 2004). This study showed that although the fatty acid composition of
skeletal muscle can be altered by diet, the percentage of each lipid class remains
unchanged (Figure 2-2).

Most large differences in skeletal muscle phospholipids were confined to
phospholipids containing essential fatty acids (Figure 2-6). These differences are either a
direct reflection of the dietary fatty acid composition, i.e., an increase in n-6 fatty acids
in the diet caused an increase in n-6 in the skeletal muscle, or due to remodelling of the
fatty acids. These findings are consistent with previous gas chromatographic studies on
the total phospholipid fatty acid composition of skeletal muscle in rats (Pan et al. 1993;
Ayre et al. 1996) and humans (Andersson et al. 2002). Statistically significant differences
were also found in molecules such as PC (16:0/18:1), which contains fatty acids that can
be produced endogenously. This difference of 448 nmol.g (tissue)-1 between two of the
diets is comparable to a major phosphatidylcholine with essential fatty acids, PC
(16:0/20:4) which differs by 542 nmol.g (tissue)-1 between two of the diets (p < 0.001).
This suggests that differences in concentration of endogenously produced fatty acids are
also associated with diet and indicate the ability of a tissue to regulate the levels of
endogenous fatty acids. Regulation of both endogenous and essential fatty acid
incorporation indicates the ability of a tissue to determine a specific membrane
phospholipid composition which may be important to its general function.

Little is known about the transport of fatty acids into the lens. Since the lens
nucleus lacks cellular organelles that are presumed to be necessary for remodelling of
lens membranes (Borchman et al. 1999), it has been suggested that diet would not
affect the phospholipid composition of the cell membranes in the lens centre, consistent
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with the nucleus finding. Work by Sabah et al. where intact rat lenses in culture were
incubated with fluorescently labelled fatty acids and albumin, suggested that fatty acids
can penetrate rapidly to the core of the lens (Sabah et al. 2005). This finding raised the
possibility that some membrane reorganisation may take place. The data described in
the current study suggests that if this had been the case then the supply or
incorporation of fatty acids into lens phospholipids is highly selective. Despite Sabah’s
findings, the lipid composition of the aqueous humor is at present unknown and this
knowledge is likely to provide further insight into the relationship between dietary fatty
acids and lens phospholipids.

In summary, the membrane phospholipid composition of both the lens nucleus
and cortex is unaffected by large variations in diet. In the nucleus this may be due to the
lack of intracellular organelles. Consistency in the cortical region of the lens suggests
that there must be tight regulation of the phospholipid composition, which may be
linked with the control of protein activity.
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3.1 Introduction
3.1.1 Membrane lipids
Phospholipids are a major component of lens fibre cells and also interact with
proteins such as Ca2+-ATPase (Zeng et al. 1999; Tang et al. 2006), α-crystallin (Borchman
et al. 1996b; Zhang et al. 1999), caveolin 1 and 2 (Lin et al. 2003; Lo et al. 2004) and
AQP-0 (Baumann et al. 1996; Gonen et al. 2005). This interaction may be important for
the structure and function of all these proteins, and has been most recently
demonstrated for AQP-0 by Gonen et al. (2005). The phospholipid composition of the
lens is specific to the particular animal species (Borchman et al. 2004; Deeley et al.
2008). Furthermore, as demonstrated in Chapter 2, differences in dietary fatty acid
composition appear unable to influence the phospholipid composition of the rat lens
(Nealon et al. 2008a). This suggests that phospholipids present in the lens may be
selected for incorporation into the cell membrane, and that once synthesised, their
composition remains unchanged. Being an avascular tissue, essential nutrients including
fatty acids are supplied to the lens from the aqueous humor that baths the anterior
surface of the lens. These essential nutrients taken up by the lens are used for
metabolism and biosynthetic pathways. The lack of alteration in the lens membrane
composition may be the result of the lens not utilising this constant supply of fatty acids
to replace phospholipid components, or due to a regulatory mechanism that selects a
very specific array of fatty acids that are used in phospholipid turnover.

Lens lipid synthesis was reviewed in 1984, and this summary provides a
foundation for future researchers to unravel this complex system (Zelenka 1984). The
synthesis of different phospholipid head group precursors including phosphocholine can
be affected by oxidative and osmotic stress (Lou et al. 1989; Desouky et al. 1992;
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Jernigan et al. 1993). The synthesis of phosphocholine in rats was initially diminished
(within four hours) with the induction of sugar cataract, however it recovered within
three days (Liu et al. 2003). This has also been demonstrated for other phospholipid
precursors such as phosphoethanolamine in galactosemic rat lenses and phosphocholine
in hereditary cataracts from 13/N guinea pigs (Jernigan et al. 2005). This recovery is
thought to be a protective mechanism designed to repair the membrane in response to
cataract formation (Liu et al. 2003; Jernigan et al. 2005). Research to date into the
incorporation of fatty acids and their precursors has been limited.

Studies using rat lenses suggest tight coordination of the de novo synthesis of
fatty acids, cholesterol and membrane proteins (Cenedella 1993). In general, fatty acids
used for phospholipid synthesis in most tissues of the body are carried through the
blood by albumin (Stremmel et al. 2001; van der Vusse 2009). A similar mechanism of
transport through the aqueous humor may exist for the rat lens (Sabah et al. 2005).
Sabah et al. incorporated labelled fatty acids with cultured rat lenses and found
diffusion of fluorescently-labelled BODIPY lauric acid into the lens nucleus, as well as
apparent incorporation into phospholipids, within 12 hours (Sabah et al. 2005). If such
rapid diffusion of fatty acids into the centre of the lens were confirmed, it raises the
possibility that phospholipid turnover may take place in the lens nucleus. However this
free supply and incorporation of fatty acids into lens phospholipids as proposed by
Sabah et al. (2005) is inconsistent with our observations shown in Chapter 2. Structurally
and chemically, fluorescently labelled BODIPY lauric acid is very different from
endogenous fatty acids found in the lens, thus the sole use of this fatty acid for in vitro
investigations of this kind may not accurately reflect the normal processes of
incorporation.
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3.1.2 Aims
The aim of this work was to provide data on the uptake of exogenous fatty acids
into the rat lens and their incorporation into phospholipids. The work of Sabah et al.
(2005) was re-examined using confocal microscopy to track the movement of BODIPY
palmitate (C16) (Figure 3-1A). Palmitate was chosen rather than laurate as palmitate is an
abundant fatty acid in rat lens phospholipids (Deeley et al. 2008). In complementary
studies, C13-labelled oleic acid (13C18-oleic acid) (see Figure 3-1B), a molecule that is
chemically equivalent to endogenous fatty acids was added to intact lenses and its
incorporation into cortical and nuclear phospholipids was determined by electrospray
ionisation tandem mass spectrometry.

Figure 3-1. A) Structure of 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid
13
(BODIPY C16), B) Structure of C18-oleic acid.
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3.1.3 Confocal microscopy
Confocal microscopy is a high resolution imaging technique that uses fine
focussing of a laser beam to stimulate fluorescence from one focal plane. The increase in
the optical resolution and contrast of an image occurs through the use of a small
aperture known as a spatial pinhole and point illumination (see Figure 3-2) (Hibbs 2004).
Light from other focal planes, i.e., ‘out of focus light’ is not in line with the confocal iris,
and is therefore removed from the resulting image (see Figure 3-2) (Hibbs 2004). This
allows for an increased resolution of the image and also allows depth of field images to
be taken in the very thin z-plane of a tissue section, known as an ‘optical slice’. This
allows for a 3D image to be produced of a tissue section as the images are stacked
together.
The image is formed by rastering across the tissue slice using a high-speed
scanning mirror in the x-axis, and a slower speed scanning mirror in the y-axis (Figure 32). The laser excites the fluorophore at one wavelength and fluorescence emission at a
longer wavelength and passes through the pinhole while the other fluorescence is
removed by dichroic mirrors (Hibbs 2004). The photomultiplier tube present near the
eye piece operates as a sensitive light detector to take the raw signal about the position
of the laser (i.e., the fluorophore position) and the amount of light and converts this to a
digital image.
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Figure 3-2. A schematic of confocal microscopy.
Adapted from (Hibbs 2004).

The technique allows for the combination of a second or third label to provide
additional information about the specific location of fluorophores within a cell. These
additional stains highlight membranes or cellular organelles such as nuclei (see Figure
3-3). Other antibodies may be used to target particular proteins that are vital to the cell
membrane composition. These may illuminate specific processes occurring in the tissue
being examined (Grey et al. 2003).
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Figure 3-3. An example of a six hour incubation of rat lens, 40x zoom. The left panel shows membranes
stained with wheat germ agglutinin, the middle panel shows the distribution of BODIPY and the right
panel is the merged image.
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3.2 Methods
3.2.1 Reagents
HPLC grade chloroform and methanol and analytical grade ethanol were
purchased from Crown Scientific (Moorebank, Australia). Analytical grade butylated
hydroxytoluene (BHT), fatty acid free bovine serum albumin (BSA) and

13

C18-oleic acid

(99 %) were purchased from Sigma-Aldrich (Castle-Hill, Australia). 4,4-difluoro-5,7dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid (BODIPY C16), wheat germ
agglutinin (WGA) conjugated with Alexa Fluor® 555 and Medium 199 without phenol red
were purchased from Invitrogen Molecular Probes (Mount Waverley, Australia). TissueTek O.C.T compound was purchased from ProSci Tech (Thuringowa, Australia). Unless
stated, all other chemicals were purchased from Sigma-Aldrich.
3.2.2. Lens incubation
Fatty acid-free BSA was added to Medium 199 at a concentration of 1 mg.mL-1
and filter-sterilised using a 0.22 μm filter (Sartorius Stedim Biotech, Australia). BODIPY
C16 or 13C18-oleic acid were dissolved separately in ethanol and vortexed. Supplemented
medium was pre-equilibrated at 37 °C for 30 minutes prior to addition of BODIPY C16 to a
final concentration of 110 μM and incubated for a further 30 minutes prior to addition
of the lens. For confocal microscopy, lenses were obtained from 18 week old male
Sprague-Dawley rats following euthanasia by a peritoneal injection of sodium
pentobarbitone (400 mg.kg-1 body weight), and immediately incubated at 37 °C for one,
four, six and 16 hours. For mass spectrometric analysis, lenses were incubated at 37 °C
for 16 hours in supplemented medium 199 as described above with either

13

C18-oleic

acid or BODIPY C16 added to a final concentration of 110 μM. Following incubation,
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lenses were washed with PBS (0.15 M NaCl and 0.01 M Na3PO4, pH 7.4) and frozen
immediately at -80 °C for mass spectrometric analysis, or fixed for histological analysis.
3.2.3 Confocal microscopy
Incubated lenses used for confocal microscopy were prepared as described
(Jacobs et al. 2001; Grey et al. 2003). In brief, lenses were fixed in 0.75 % aqueous
paraformaldehyde in phosphate buffered saline (PBS) at room temperature for 24
hours. Lenses were washed three times in PBS, followed with cryo-protection by
incubation in 10 % sucrose in PBS for one hour at room temperature, 20 % sucrose in
PBS for one hour at room temperature, and 30 % sucrose in PBS overnight at 4 °C.

For sectioning, lenses were positioned in an equatorial orientation so that the
posterior surface of the lens was mounted onto pre-chilled chucks. The lens was then
encased in Tissue-Tek O.C.T. compound. Sections were cut at -20 °C using a Thermo
Shandon cryotome with disposable blades (ThermoFisher Scientific, USA). Several
sections were attempted at different thicknesses, from 12-25 μm, however 18 μm was
used as it provided the optimal thickness to maintain the integrity of the lens cells whilst
reducing any blur in the confocal images from underlying cells which can occur if the
section is too thick. Sections were transferred to poly-L-lysine coated microscope slides
using PBS and then washed three times with PBS. Cell membranes were stained by
incubation with WGA conjugated with Alexa Fluor® 555 for 1.5 hours, in the dark at room
temperature. Antifade reagent (10 μL) was added to each section and viewed using a
Zeiss LSM5 Pascal confocal system (Carl Zeiss Pty Ltd, Germany). HeNe and argon lasers
were set at 488 nM at 34 % with a BP505-530 filter (green laser) and at 543 nM at 100 %
with LP 560 filter (red laser). The green laser illuminated the Alexa Fluor® 512 on BODIPY
C16, and the red laser illuminated the Alexa Fluor® 555 on WGA. The objective lens used
was a Plan-Apochromat 10x/0.45. The pinhole was set at 52 μM and 54 μM for the
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green and red lasers respectively. Gain and position of image were adjusted to make the
resulting images comparable to each other.

Images were processed using Image J Software 1.41 (NIH, USA). A section of the
image was highlighted from the epithelium to the central core (the same amount of
pixels was selected for each image for consistency of comparison), and a plot profile was
generated within Image J. A distance from epithelium to core and their corresponding
pixel intensity were normalised and plotted.
3.2.4 Lipid extraction
Following incubation, lenses were washed several times with PBS to remove any
excess labelled fatty acid adhered to the lens capsule, then frozen at -80 °C until
analysis. Lenses were then partially thawed and sectioned into nucleus and cortex using
a 3 mm trephine. Lenses were homogenised in chloroform:methanol (2:1 v/v) with 0.01
% BHT at a ratio of 20:1 solvent to tissue. Total lipids were extracted as described
previously in Chapter 2.2.4 and stored at -80 °C until analysis.
3.2.5 Mass spectrometry
All mass spectra were obtained using a Waters QuattroMicroTM instrument
(Waters, Manchester, U.K.) equipped with a z-spray electrospray ion source and
controlled by Micromass Masslynx version 4.0 software. Capillary voltage was set to
3000 V, source temperature 80 °C and desolvation temperature 120 °C. Cone voltage
was set to 50 V in negative ion mode and 35 V in positive ion mode. Nitrogen was used
as the drying gas at a flow rate of 320 L.h-1. Samples were infused into the electrospray
ion source at a flow rate of 10 μL.min-1 using the instrument’s on-board syringe pump.
Formation of ions was enhanced by the addition of aqueous ammonium acetate to a
final concentration of approximately 50 mM (Thai et al. 1999). Negative ion scans were
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performed to identify the presence of free [M-FH2]- BODIPY C16 and [M-H]- ions from
13

C18-Oleic acid in the mass range of m/z 250-900. Precursor ion scans for m/z 453.5

(BODIPY C16), 299.3 (13C18-oleic acid) and 281.4 (unlabelled oleic acid) were performed in
negative ion mode using collision energies of 20, 35 and 35 eV, respectively. Precursor
ion scanning in positive ion mode for m/z 184.1 (phosphocholine) using a collision
energy of 35 eV was performed to determine incorporation of labelled fatty acids into
phosphatidylcholines and sphingomyelins. Product ion scans were performed at a
collision energy of 35 eV to further validate labelled fatty acid incorporation. In all
precursor ion and product ion scans, argon was used as the collision gas at a pressure of
3 mTorr.
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3.3 Results
3.3.1 Incubation of intact lenses with BODIPY palmitate
Incubation of rat lenses with BODIPY C16 showed measurable diffusion of the
labelled fatty acid into the lens cortex after one hour (Figure 3-4A). The diffusion
distance was extended slightly with four and six hours of incubation by comparison to
the one hour sample (Figure 3-4B and C).

Figure 3-4. Diffusion of labelled fatty acid into rat lens. Equatorial cryosections showing the diffusion of
BODIPY C16 into a rat lens after A) one hour, B) four hours, C) six hours and D) 16 hours.
Green fluorescence corresponds to BODIPY C 16 and the grey fluorescence corresponds to WGA Alexa
®
Fluor 555.
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BODIPY C16 did not penetrate deeper into the lens nucleus with increased times
of incubation, up to 16 hours. This was tested in the current study by plotting the pixel
intensity of each time point against distance from the lens epithelium. A plot
distribution was obtained by averaging the pixel intensity across this distance using
Image J software. As shown in Figure 3-5, even after a 16 hour incubation BODIPY C16
was only observed in the outer 25-30 % of the lens. The confocal image at 16 hours was
noticeably irregular compared to the earlier time points which may reflect a disruption
of the fibre cells by BODIPY C16 (Figure 3-4D).

Figure 3-5. Diffusion of BODIPY C16 into the rat lens as a function of time.
The intensity of fluorescence was plotted from after the epithelium to the lens centre after one, four, six
and 16 hours. The pixel intensities were baseline subtracted and normalised individually for comparison.
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Further investigation of the distribution of BODIPY C16 into the lens was
performed by separating the lens into nucleus and cortex then analysing extracts by
electrospray ionisation tandem mass spectrometry. A negative ion mass spectrum of the
rat cortex after 16 hours showed an ion at m/z 453.5, which corresponds to the [M-FH2]free form of BODIPY C16 (see Figure 3-6A).
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Figure 3-6. A) Negative ion mass spectrum of a rat lens cortex incubated in BODIPY C16 for 16 hours. The
presence of the free form [M-FH2] of BODIPY C16 is highlighted at m/z 453.5.

No evidence was obtained for incorporation of BODIPY C16 into phospholipids in
the range of m/z 600-1000 as assessed by performing a precursor ion scan (m/z 453.5)
selective for any molecule containing BODIPY C16 in negative ions, and a positive ion
precursor scan for phosphatidylcholines and sphingomyelins which contain a
phosphocholine head group (m/z 184.1).

Analysis of the rat lens nucleus by mass spectrometry confirmed the data
obtained by confocal microscopy in that no evidence of free or phospholipidincorporated BODIPY C16 was found even after 16 hours of incubation.
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3.3.2 13C18-Oleic acid incubation
Negative ion spectra of lipid extracts obtained from the cortex and nucleus of a
lens incubated in 13C18-oleic acid and also a control lens cortex and nucleus are shown in
Figure 3-7. The spectra show

13

C18-oleic acid (m/z 299.5) is present in the incubated

cortex only (Figure 3-7A). These data support the results shown in Figure 3-4, where free
BODIPY C16 was detected in the cortex, but not in the nucleus.
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Figure 3-7. Negative ion mass spectra of control lenses and lenses incubated with C18-oleic acid. A)
13
13
Cortex incubated with C18-oleic acid for 16 hours, B) control cortex, C) nucleus incubated with C18-oleic
acid for 16 hours, D) control nucleus.
13
The blue highlighted region illustrates the position of C18-oleic acid at m/z 299.5.

Figure 3-8A shows mass spectra of the naturally occurring phospholipids found
in the cortex of a rat lens. No alterations in phospholipid abundance were observed with
the incubated cortex (Figure 3-8B) in comparison to the control cortex. Furthermore,
scans were performed to determine potential sites for 13C18-oleic acid incorporation into
phospholipids. This included a precursor ion scan (m/z 281.4) shown in Figure 3-8C,
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identifying phospholipids containing unlabelled 18:1. It would be expected that any
incorporation of

13

C18-oleic acid would occur in these abundant phospholipids. The

corresponding precursor ion scan for 13C18-oleic acid (m/z 299.5) is shown in Figure 3-8D.
13

C18-oleic acid was detected in one phospholipid present at m/z 734.6. This ion was

tentatively assigned as phosphatidylethanolamine (PE) (16:0/13C18-18:1), as it is 18 Da
higher than PE (16:0/18:1) (m/z 716.6), which is observed as a low-abundance ion in
Figure 3-8C and has been previously identified in the rat lens (Nealon et al. 2008a). PE
(16:0/13C18-18:1) was tentatively assigned using tandem mass spectrometry by the
presence of an ion at m/z 299.5 corresponding to the labelled 18:1 fatty acid, however
the signal-to-noise is very poor thus it could not be confirmed (Figure 3-9).
Phosphatidylcholines and sphingomyelins were analysed using the precursor ion scan
m/z 184.1, and no evidence of 13C18-oleic acid incorporation was observed.
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Figure 3-8. Comparison of phospholipids present in A) control cortex; and B) cortex after 16 hours of
13
13
incubation with C18-oleic acid. Comparison of unlabelled and labelled oleic acid found in the C18-oleic
acid incubated cortex after 16 hours C) precursor ion scan m/z 281.4, selective for naturally occurring
13
phospholipids containing 18:1; D) precursor ion scan m/z 299.3, selective for incorporation of C18-oleic
acid into phospholipids.
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Figure 3-9. Tandem mass spectrum of m/z 734.6 in a rat lens incubated for 16 hours with C18-oleic acid.
13
Present is an ion at m/z 299 suggesting the incorporation of C18-oleic acid.
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3.4 Discussion
In this study the uptake of two labelled fatty acids, BODIPY C16 and 13C18-oleic
acid, into the intact rat lens and their incorporation into molecular phospholipids was
examined. The main finding of this study was that after 16 hours the labelled fatty acids
only moved into the outer 25-30 % of lens fibres, and there was minimal incorporation
into phospholipids. Our finding is in contrast to that reported by Sabah et al. (2005)
where substantial amounts of a BODIPY-labelled fatty acid were observed in the nucleus
after 12 hours of incubation. Using either BODIPY, or 13C-labelled fatty acids, we found
no evidence for penetration into the centre of the lens over this time period. A possible
explanation for the discrepancy is the significantly increased binding efficiency to bovine
serum albumin seen for both palmitic and oleic acid in comparison to lauric acid
(Spector et al. 1969). Incubation of lenses with BODIPY C16 after 16 hours saw a
disruption in the cellular structure (Figure 3-4D). Despite this, there was no further
diffusion of BODIPY C16 into the lens. A similar vesiculation of lens fibre cells was seen
after 18 hours of incubation with a chloride channel inhibitor tamoxifen, likely due to an
impairment of cell volume regulation (Merriman-Smith et al. 2002). The presence of
BODIPY C16 could similarly disrupt cell volume regulation and cause the swelling seen in
the present study. Due to the low magnification images presented in Sabah et al.,(2005)
it cannot be determined if a similar phenomenon occurred, and whether this had an
impact on the diffusion of the labelled fatty acid. It appears in Figure 3-5 that with
longer incubation periods the fatty acid would diffuse further into the lens. However,
due to the significant vesiculation seen in the 16 hour incubation, further incubation
time periods were not explored.
No evidence could be found for incorporation of BODIPY C16 into lens
phospholipids using mass spectrometry. This suggests either that this modified fatty acid
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is not inserted into phospholipids in the lens, or that the degree of incorporation was
too low to detect. Sabah et al. (2005) observed co-migration of fluorescence with that of
phospholipids by TLC, which they interpreted to represent incorporation of BODIPYlaurate into sphingomyelin, phosphatidylcholine and phosphatidylethanolamine. In our
experiments we did detect very low levels of incorporation of

13

C18-oleic acid into PE

(16:0/18:1). This was at the limit of detection of the mass spectrometer (546 pmoles.g -1
tissue wet weight) and indicates that over the time period of the experiment (16 hours),
the extent of incorporation into phospholipids is low and is likely restricted to the
outermost cell layers. This result implies that, at least over a 16 hour time period, fatty
acids from external sources (for example diet), do not replace fatty acids that have
already been incorporated into the membrane. This does not rule out any turnover that
may occur over a period of months or years. This is however in contrast to in vivo rat
studies which have observed incorporation of intravenously administered fatty acids and
phospholipid turnover within 2-10 minutes in brain (Shetty et al. 1996), heart, kidney
and liver (Thies et al. 1994). Furthermore, in vitro studies of cultured neuroblastoma
cells have demonstrated incorporation of fatty acids within 2-10 minutes (Chakravarthy
et al. 1986). The findings of the present study thus suggest lens membrane lipid
composition is unusual with little or even no lipid turnover.

Broekhuyse et al. used radiolabelled essential fatty acids and observed fatty acid
incorporation only in the epithelium and equator of rabbit lenses after 3.5 hours
(Broekhuyse et al. 1978). It was also reported that incubation of these labelled fatty
acids showed no diffusion into or incorporation into phospholipids found in the nucleus.

There are discrepancies in the literature regarding the extent of fatty acid
diffusion and the level of incorporation into membrane phospholipids. While initial
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studies reported a limit to the uptake and incorporation of fatty acids to the outer
cortical regions of the lens (Broekhuyse et al. 1978), later studies reported unimpeded
uptake and incorporation of fatty acids into the nucleus using TLC (Sabah et al. 2005). As
TLC does not provide structural information or absolute quantification, mass
spectrometry was used to unambiguously study any fatty acid incorporation.
Furthermore, as the diffusion times for these two previous experiments were not
comparable, the time of diffusion was extended to one, four, six and 16 hours to provide
a comprehensive analysis of fatty acid diffusion over time. It was also considered what
effects the structure of BODIPY C16 may have on the diffusion and enzymatic pathways
responsible for its incorporation into membrane phospholipids (Figure 3-1A). The
experiments were therefore complemented with a stable isotope-labelled

13

C18-oleic

acid which is essentially identical in structure to a common endogenous lens fatty acid
(Figure 3-1B). Importantly, this study provides the first evidence for both the extent and
specificity of fatty acid diffusion and incorporation into lens phospholipids using
confocal microscopy as well as electrospray ionisation tandem mass spectrometry: the
definitive analytical tool for the structure elucidation of complex lipids.
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4.1 Introduction
Optimal cellular function is dependent upon a specific membrane composition.
The majority of metabolically-active tissues renew their cells very quickly based on their
access to nutrients and environment; however other metabolically-active cells have
extremely slow turnover rates (as previously discussed in Chapter 1.10). As the lens has
a continuous growth pattern throughout life whereby newly differentiated fibre cells are
stacked to the outside of a pre-existing core, it provides a unique in vivo laboratory to
investigate the effects of age on tissues with long-lived membranes. Furthermore,
epidemiological studies suggest that age is the number one risk factor for cataract and
the changes in the relative amount of lipid with cataract are an exacerbation of changes
seen with age (Huang et al. 2005). The lens is therefore an excellent model system in
which to examine the effects of ageing and the long term stability of lipids.

There is limited information at present regarding age-related changes in human
lens lipids. Evidence from whole human lenses suggests that the relative percentage of
PC and PE decrease with age (Merchant et al. 1991) whilst other studies did not observe
such decreases in PE with age (Borchman et al. 1994). The decrease in the percentage of
PC has been reported to be accompanied by a relative increase in the percentage of
DHSM (Borchman et al. 1994; Borchman et al. 1998; Yappert et al. 2003; Yappert et al.
2004). There was a decrease in the relative percentage of PE-related species with age in
a study of pooled lenses from three age categories; 15-29, 30-49 and 65-74 years of age
(Huang et al. 2005). While these PE-related lipids were initially thought to be 1-O-alkenyl
ethers (Huang et al. 2005), subsequent studies have identified these as 1-O-alkyl PE
ethers (Deeley et al. 2009; Estrada et al. 2010). Previous studies have reported PEs to be
composed mainly of 1-O-alkenyl ethers (Yappert et al. 2003; Huang et al. 2005), when
indeed they are primarily composed of 1-O-alkyl ethers (Deeley et al. 2009). Although
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other lipid classes have been identified in the human lens, including PS and
lysophosphatidylethanolamines (LPEs), DHCer-1-Phosphates and Cer, no age-related
changes have been reported for these lipid classes (Tao et al. 1975; Yappert et al. 2003;
Huang et al. 2005; Deeley et al. 2008; Estrada et al. 2010).

These studies have thus far provided the foundation for our knowledge on the
effect of age on lens lipids. The conflicting conclusions between previous reports
combined with the incomplete nature of the lipidome thus characterised, require a
concerted reinvestigation using more sensitive and quantitative methods. The majority
of studies have utilised 31P-NMR which requires a substantial quantity of tissue, often
requiring lenses to be pooled together across age groups, or pairs of lenses to be pooled
(Merchant et al. 1991; Borchman et al. 1994; Yappert et al. 2003). Pooling lenses across
an age decade (e.g., ages 10-20) reduces the temporal resolution of the experiment and
may mask the age-related changes occurring to lipids in the lens, as such signification
alterations in lipid concentration could occur within as little as a decade. Greater clarity
would be achieved through the analysis of the nuclear region of individual lenses across
a broad age range – allowing the observation of changes in the membrane composition
formed in utero. Furthermore,

31

P-NMR and other techniques used such as TLC and

MALDI-TOF MS do not allow for absolute quantification of lipids present in the lens.
Individual lipid classes in the previously mentioned studies have been reported as
relative percentages of the total lipid present which must always equal 100 %. If one
class decreases in percentage, another must increase relatively to maintain a total 100 %
which gives a false impression that one class is increasing and another is decreasing in
abundance with age. This is not an accurate representation of the changes occurring in
the human lens, as the lens lipidome has not been completely elucidated, and more
than one class could be decreasing or increasing with age. In addition, many studies
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have focussed on the relationship between PC and DHSM with age (Borchman et al.
1994; Yappert et al. 2003; Yappert et al. 2004). If the phospholipid composition of the
human lens is examined in detail, it becomes apparent that PC is the lowest abundance
phospholipid class in the human lens, representing a mere 11 % of the total
phospholipids in a whole human lens (Deeley et al. 2008). If one is to examine agerelated changes in the human lens, more abundant phospholipid classes such as PE and
PS should be examined.

The aim of this study was to characterise alterations to lipids in the human lens
nucleus with age in order to determine the longevity of lipid membrane composition in
the absence of enzymatic activity. Individual human lens nuclear regions ranging in age
from 12-82 years were examined for the absolute quantity of PC, PE, PS, LPE (see Figure
1-8, Figure 1-9C and Figure 1-10), SM, DHSM, Cer and DHCer (see Figure 1-14) using
electrospray ionisation tandem mass spectrometry. This is the first study to quantify
individual lipids, and by combining such data, class-specific trends are observed on an
absolute scale. This is also the first study to present age-related changes in Cer and
DHCer lipid classes.
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4.2 Methods
4.2.1 Lenses
Human lenses were collected from eyes donated to the NSW Lions Eye Bank at
the Sydney Eye Hospital, Sydney within 2-6 hours of death, and were stored immediately
at -80 °C until required. All work was approved by the human research ethics
committees at the University of Sydney (#7292) and the University of Wollongong (HE
99/001).
4.2.2 Lipid extraction
Due to availability, human lenses (n = 57) were collected over a period of 3
years. Lenses between the ages of 12 and 82 were sectioned into nuclear and cortical
regions as described previously (Heys et al. 2008). In brief, lenses were cored using a 4.5
mm trephine (see Figure 4-1), and the ends of the cylinders (approximately 1 mm) were
removed to produce the nucleus (Heys et al. 2008). One 19 week foetal lens
approximately equivalent to a human lens nucleus was used for comparison (Dilmen et
al. 2002).

Nucleus
4.5 mm

Whole Lens
9 mm
Figure 4-1. Dimensions of a human lens.
The nucleus has the diameter of 4.5 mm from equator to equator, and the average diameter of a human
lens is 9 mm.
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Following dissection, homogenisation and addition of internal standards was
performed as reported in Chapter 2.2.3. Initially 17 lenses were extracted by Dr. Jane
Deeley according to Folch et al., (1957) using an acid wash (1 M H2SO4) instead of
aqueous sodium chloride to further enhance the extraction of acidic phospholipids as
described previously (Nealon et al. 2008b). Although the levels of 1-O-alkenyl ethers in
the human lens are minimal (Deeley et al. 2009), the lipid extraction method of Folch et
al. (1957) was modified to minimise their hydrolysis during extraction. Accordingly, the
following 40 lenses were extracted as above however the sulphuric acid was replaced
with aqueous ammonium acetate (0.15 M) (Deeley et al. 2008). Owing to the low levels
of 1-O-alkenyl ethers no significant differences in phospholipid abundance were
observed between the two extraction methods; therefore all 57 lenses were included in
this study. Samples were then stored at -80 °C until analysed.
4.2.3 Mass spectrometry
All mass spectra were obtained and analysed as described in Chapter 2.2.4. For
the analysis of ceramides and dihydroceramides, collision energy was set to 35 eV for
negative ion mode neutral loss scans of d18:1 (256.3 Da) and d18:0 (258.3 Da) sphingoid
bases (Han 2002). For the analysis of LPEs, extracts were diluted to approximately 40 μM
with the addition of methanol:chloroform (2:1 v/v) and aqueous sodium acetate (680
mM) at 50 µL.mL-1. Neutral loss scans for 43 Da were performed in positive ion mode
with collision energy set at 25 eV. The neutral loss of 43 Da from the 1-O-alkyl ether was
found to be approximately 50 % less efficient than the ester-linked LPE by comparing the
collision-induced dissociation spectra of PE (18:1e) and PE (14:0). Accordingly, a
correction factor was applied for the quantification of ester-linked LPEs.
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Quantification was performed by comparison to appropriate internal standards
after correction for isotope contributions as described in detail previously (see Chapter
2.2.4 and Figure 2-1).

Abbreviations for phospholipid nomenclature were taken from Fahy et al.
(2009). All concentrations are presented as nmol.g-1.
4.2.4 Statistical analysis
All statistical analysis was performed by Dr Friedrich Leisch (Ludwig-Maximilians
Universität Münich, Germany). Analysis was performed at a class-level following
summation of absolute abundance of individual lipids. As concentration changes with
age were nonlinear for most lipids, generalized additive models (GAM) (Hastie et al.
1986) were fit to the data, see Figures 4.4-4.9. A smooth spline term was used for age
and a main effect for the two extraction methods, response was the natural logarithm of
lipid concentration. The extraction method showed no significant effect at the 5 % level
in all cases and hence all data was combined. The solid line in all figures shows the GAM
fit, dashed lines give a 95 % confidence band for the fit. All computations were
performed using R version 2.10.1 (Development Core Team 2009) with extension
package mgcv (Wood 2004). The degrees of freedom of the spline terms (which control
the nonlinearity of the fit) were automatically estimated from the data using cross
validation.
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4.3 Results

Figure 4-2. Total lipid present in individual human lens nuclei of different ages.
-1
All values are expressed as nmol.g tissue wet weight.

The total amount of lipid present in each individual human lens nucleus is shown
in Figure 4-2. The total amount of lipid ranges between 4.9 μmol.g-1 and 8.9 μmol.g-1 and
does not appear to change as a function of age.
4.3.1 Glycerophospholipids

4.3.1.1 Phosphatidylcholine
Of the GP classes present in the human lens nucleus, PC was of lowest
abundance. As seen in Figure 4-3, total PC in an adolescent lens nucleus aged 12-16
ranged from 60-100 nmol.g-1. Total PC decreased until age 40 and plateaued at
approximately 35 nmol.g-1. Ageing did not further alter the abundance of total PC after
40, with the total PC of an old nucleus being approximately 35 nmol.g-1 (Figure 4-3). All
individual PCs demonstrated the same general pattern of decay with age (data not
shown).
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Figure 4-3. Total phosphatidylcholine present in individual human lens nuclei of different ages.
-1
All values are expressed as nmol.g tissue wet weight. The solid line is a generalized linear model fit, the
dashed lines give a 95 % confidence band.

4.3.1.2 Phosphatidyserine
PSs demonstrated a similar trend to that of PCs. Total PS concentration was
observed between ~ 360 and 480 nmol.g-1 in an adolescent human lens nucleus (aged
between 12-16 years) (Figure 4-4). This decreased to ~ 60 nmol.g-1 by middle age and
then remained stable at this concentration with age. This is a 6 to 8-fold decrease in the
total PS from adolescence to adulthood. The major contributors for the dramatic
decrease in total PS were PS (16:0e/18:1), PS (18:1e/18:1) and PS (18:0e/18:1), which
are the most abundant PS molecules in the human lens and account for 75-90 % of total
PSs. These 1-O-alkyl ethers have only recently been identified in the human lens (Deeley
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et al. 2009). Diester-linked PSs were detected at much lower concentrations (~ 10-25 %
of total PSs) and demonstrated a similar pattern of decay with age.

Figure 4-4. Total phosphatidylserine present in individual human lens nuclei of different ages.
-1
All values are expressed as nmol.g tissue wet weight. The solid line is a generalized linear model fit, the
dashed lines give a 95 % confidence band.
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4.3.1.3 Phosphatidylethanolamine
The effect of age on PE concentration is shown in Figure 4-5. Total PE showed a
similar trend to those observed of PC and PS. In an adolescent aged 12-16 PE levels were
on the order of 1100-1700 nmol.g-1, and this decreased until age 40, where the total PE
concentration levelled off at 50 nmol.g-1: a 50-fold decrease in total PE within 25 years.
As was found for PS, the major contribution to this decrease in total PE concentration
was due to three individual 1-O-alkyl PE molecules; PE (16:0e/18:1), PE (18:1e/18:1) and
PE (18:0e/18:1) which together comprise ~ 60 % of total PEs. The most abundant of
these, PE (18:1e/18:1) decreased from approximately 1400 nmol.g-1 in an adolescent to
30 nmol.g-1 in a middle aged lens. Other diester-linked PE molecules that were present
at a much lower concentration also diminished with age.

Figure 4-5. Total phosphatidylethanolamine present in individual human lens nuclei of different ages.
-1
All values are expressed as nmol.g tissue wet weight. The solid line is a generalized linear model fit, the
dashed lines give a 95 % confidence band.
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4.3.1.4 Lysophosphatidylethanolamine
The affect of age on the abundance of LPEs is shown in Figure 4-6. In the current
study, LPEs were found to be threefold more abundant than their related PEs. The major
contributors to total LPE concentration are 1-O-alkyl ethers, specifically PE (16:0e), PE
(18:1e) and PE (18:0e). Total LPEs decreased with age but did so in a much more gradual
manner and did not plateau as was observed for other GPs.

Figure 4-6. Total lysophosphatidylethanolamine present in individual human lens nuclei of different ages.
-1
All values are expressed as nmol.g tissue wet weight. The solid line is a generalized linear model fit, the
dashed lines give a 95 % confidence band.
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4.3.2 Sphingolipids

4.3.2.1 Ceramides and dihydroceramides
The relationship between Cer and DHCer concentration and age are shown in
Figure 4-7A and Figure 4-7B, respectively. The trend for both Cer and DHCer was in
marked contrast to that observed for GPs. During adolescence Cer could not be detected
and minimal DHCer was found in the lens nucleus. Total DHCer increased 22-fold from
adolescence to middle age (from 10 nmol.g-1 to 230 nmol.g-1, respectively) and
continued to increase until approximately age 60 where levels reached approximately
500 nmol.g-1 and 1200 nmol.g-1 for Cer and DHCer, respectively. In approximately 50
years, total DHCer levels increased ~116-fold (Figure 4-7A), with Cer following a similar
trend (increase ~80-fold) (Figure 4-7B).
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Figure 4-7. Total A) ceramide and B) dihydroceramide present in individual human lens nuclei of different
ages.
-1
All values are expressed as nmol.g tissue wet weight. The solid line is a generalized linear model fit, the
dashed lines give a 95 % confidence band. The ‘dip’ observed after 60 years old still signifies no change as
it lies within the 95 % confidence band.

116

Chapter 4. The Human Lens: A Model for Instability of Cellular Lipidomes with Ageing

4.3.2.2 Sphingomyelin and dihydrosphingomyelin
SM and DHSM contribute between 5-7 % and 18-21 % to the total lipids in the
nucleus respectively (Table 4-1). The relationship between total SM and DHSM and age
is shown in Figure 4-8A and Figure 4-8B. DHSM levels were on average 4-fold higher
than SM (approximately 1550 nmol.g-1 vs 400 nmol.g-1). No significant age dependent
effects were observed on the concentration of total SM (Figure 4-8A) or total DHSM
(Figure 4-8B).
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Figure 4-8. Total A) sphingomyelin and B) dihydrosphingomyelin present in individual human lens nuclei
of different ages.
-1
All values are expressed as nmol.g tissue wet weight. In both cases a horizontal line fits into the 95 %
confidence band of the generalized additive model fit, hence the null hypothesis of no change with age
cannot be rejected.
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4.3.4 Foetal lens comparison
The adult lens nucleus analysed in this study corresponds to the size of the
foetal lens (Dilmen et al. 2002). It was of interest therefore to discover if during lens
development, significant changes occur. The lipid composition of one 19 week old foetal
lens was analysed. The distribution of lipids across various headgroups was very
different by comparison to either young or old lens nuclei (Table 4-1). LPE was the most
abundant lipid class and DHSM the second most abundant lipid class present in adults
regardless of age representing approximately 55 % and 20 % of total lipid, respectively
(Figure 4-6 and Figure 4-8B). In a foetal lens however, PC was the major lipid class
representing 49.1 % of total lipid. In comparison, DHSM contributed a mere 9.6 % to the
total lipid content of the foetal lens. The composition of individual lipids in the foetal
lens was also very different from that of an adult lens. Phospholipids in the foetal lens
contained more ester-linked fatty acids with greater levels of unsaturation. For example,
the major phosphatidylcholines present in the foetal lens were PC (16:0/18:1) (m/z
760.6) and PC (16:0/16:1) (m/z 732.6) (Figure 4-9) both of which were almost nonexistent in young or old adult nuclei.
Table 4-1. Comparison of the percentage distribution of lipid classes in the foetal, young and old human lens.

Lipid Class
DHSM
SM
PC
PE
LPE
PS
DHCer
Cer

Foetal Lens
(n=1)
9.6
3.0
49.1
26.2
1.6
10.0
0.3
0.3

Percentage of Total Lipid (%)
Young lens
Old Lens
(10-20 years; n=4)
(70-80 years; n=3)
21.0 ± 1.7
23.0 ± 1.7
5.2 ± 0.4
6.9 ± 0.9
0.7 ± 0.1
0.3 ± 0.2
11.5 ± 2.1
1.5 ± 1.0
58.1 ± 3.2
42.9 ± 2.3
3.4 ± 0.9
5.7 ± 4.9
0.1 ± 0.0
13.4 ± 2.8
0.0 ± 0.0
6.4 ± 1.0

DHSM, dihydrosphingomyelin; SM, sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; LPE,
lysophosphatidylethanolamine; PS, phosphatidylserine; DHCer, dihydroceramide; Cer, Ceramide
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Figure 4-9. Precursor ion scan (m/z 184.1) for the phosphocholine headgroup, displaying
dihydrosphingomyelin, sphingomyelin and phosphatidylcholine molecules in a 19 week foetus, 12 year
old, 36 year old and 80 year old human lens nucleus.
Internal standards are present at m/z 649.6 and 818.6 (SM (d18:0/12:0) and PC (19:0/19:0), respectively).
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4.4 Discussion
This work has demonstrated that the phospholipid composition of fibre cell
membranes from lens nuclei of older individuals is vastly different from that of young
people. Glycerophospholipids including PCs, PSs, PEs rapidly decline until approximately
age 40. Ceramides and dihydroceramides were seen to increase in concentration after
age 30. In contrast, sphingomyelin and dihydrosphingomyelin concentration remained
relatively constant throughout life.

The age where the greatest lipid alterations occurs correlates to the age at
which several other changes begin to occur in the lens. It is well known that
accommodative ability decreases in amplitude each year until age 50 where there is no
ability to accommodate resulting in presbyopia (McGinty et al. 2006; Truscott 2009).
This decrease in accommodative ability may be the result of a massive increase in lens
stiffness that occurs at age 40 (Heys et al. 2004; Weeber et al. 2005). On a molecular
level, recent studies reported the truncation of AQP-0, a major lens membrane protein
and demonstrated that by age 50, more than half of the AQP-0 is drastically modified
and its truncated form no longer functions as a water channel (Korlimbinis et al. 2009).
Post-translational modifications to α-crystallins (see review by Sharma et al., (2009) also
occur with age due to their lack of turnover in the nucleus (Bloemendal 1977; Lynnerup
et al. 2008). These normally soluble proteins have recently been observed to aggregate
to fibre cell membranes after age 40 (Friedrich et al. 2009; Zhu et al. 2010a). Indeed in
vitro binding of α-crystallin to human lens lipids increases with age (Grami et al. 2005).
This binding may impede the diffusion of small molecules and major antioxidants (such
as glutathione) by occluding membrane channels such as AQP-0 and connexin leading to
the formation of a barrier (Sweeney et al. 1998; Moffat et al. 1999). Presumably a
membrane rich in ceramides but depleted of glycerophospholipids (such as seen in the
121

Chapter 4. The Human Lens: A Model for Instability of Cellular Lipidomes with Ageing
centre of old human lenses) may be a more receptive surface for the binding of
crystallins due to the increased hydrogen bonding of sphingolipids.

The reason for such changes is currently unknown. In rodents, diet appears
unable to alter the lipid composition of the lens centre (see Chapter 2) suggesting that
once phospholipids have been incorporated into mature fibre cells there may be little,
or no, turnover. Several studies have indicated the absence of enzymatic pathways in
the lens centre of adults (Dovrat et al. 1981; Dovrat et al. 1984; Scharf et al. 1987;
Truscott 2010), suggesting oxidative or hydrolytic processes being responsible for the
changes observed. The activity of esterase has been shown to exist up to the age of 60 in
whole human lenses (Kamei 1996), however it is unlikely that this enzyme is still
functional in the very core of the lens. As there is no protein turnover in the lens centre
(Lynnerup et al. 2008) leaving them susceptible to oxidative damage, it is likely that
these enzymes have been denatured over time.

The lipids isolated from a human foetal lens were remarkably different from
those found in post-natal lenses. The lipid profile of a foetal lens reflects more closely
the phospholipid profile of other tissues in the body, and other work done to examine
cultured human epithelial cell lines (Estrada et al. 2006). Since the foetal lens represents
the lens at birth, it suggests that the major remodelling of lens fibre cells occurs around
the time of birth or shortly afterwards. If birth marks the beginning of enzyme
inactivation, some membrane lipids may no longer be required for protein function and
are either removed or no longer produced. The lens may favour the production of lipids
with a reduced number of double bonds that are more stable in a high hydrolytic
environment (Michel et al. 1997). This phenomenon is well precedented with several
significant changes occurring to proteins, gap junctions and small lens molecules from
the moment of birth. There are many proteins present in the foetal lens that are not
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found in the nucleus of human lenses of other ages, owing to the presence of organelles
which still require enzymes and proteins for cellular function (Hains et al. 2008). Genes
for major crystallins in the rat lens were observed to turn on and off at different periods
of development (Henk et al. 1989). Henk et al. demonstrated that while expression of
αB-crystallin began at 18 days of foetal development, it continued to be expressed
postnatally for as long as 10.5 months. In marked contrast was βB3-crystallin which was
expressed at the same time as αB-crystallin, but was abruptly stopped within 1-3
months of birth (Henk et al. 1989). Bova et al. found no detectable level of UV filters in
the human foetal lens, yet within five months of birth measurable levels of UV filters
were present (Bova et al. 1999). Studies on gap junctions in the human foetal lens
showed continuous lipid bilayers and junctional structures (Itoi et al. 1991), however in
an adult human lens nucleus cell membranes had frequent interruptions and no
organelles present (Kuwabara 1975). As gap junctions have been implicated in the
transport of metabolites to and from the lens centre, disruptions to these junctions
would affect the diffusion of important antioxidants and water into the nucleus (Mathias
et al. 2007). Such alterations in the lens molecular structure could account for the
dramatic decrease in unsaturated GPs and concurrent increase in DHSM and SM from
the foetal lens in comparison to a young lens.

There is a unique homology between PE and PS 1-O-alkyl molecules found in the
human lens nucleus (Deeley et al. 2009) and may suggest a precursor-product
relationship between these two phospholipid classes. PEs can be converted to PS by
phosphatidylserine synthase 2 (Saito et al. 1998) and conversely, PS is converted to PE
using phosphatidylserine decarboxylase (Borkenhagen et al. 1961; Kanfer et al. 1964;
Satre et al. 1978). PE and PS (16:0e/18:1), (18:1e/18:1) and (18:0e/18:1) are the most
abundant molecules comprising these two PL classes and are the major contributor to
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the significant decrease in total PS and PE observed with age (Figure 4-4 and Figure 4-5
respectively). Furthermore, the decrease observed in total PE does not correspond to a
concurrent increase in total LPE, suggesting that there are other breakdown products of
PEs that have yet to be identified. Alternatively, since they are abundant in young lenses
and display a slow age-dependent decline, they may be formed in young lenses by
phospholipase A2 as described for other tissues (Fuchs et al. 2009) and then suffer a
slow decomposition with age.

A dramatic increase in total DHCer and Cer was observed in the current study
with age. Both the sphingoid base and fatty amide composition of all DHCer and Cer
molecules are identical to their related DHSM and SM molecules, suggesting they are
metabolically linked. Cer can be produced five ways; (i) from the desaturation of DHCer
by DHCer desaturase (Pruett et al. 2008); (ii) from the sphingosine backbone by
ceramide synthase (Kolesnick 2002); (iii) by sphingomyelinase converting SM to Cer
(Kolesnick 2002); (iv) from ceramide-1-phosphate by ceramide-1-phosphatase (Smith et
al. 1957) and (v) through removal of sugar groups from glycosylated ceramides (Brady et
al. 1965a; Brady et al. 1965b). Similar processes exist for the synthesis of DHCer and the
conversion of DHSM to DHCer (Michel et al. 1997; Merrill et al. 2009). One could suggest
the increase in total DHCer and Cer could act through the third enzymatic pathway
described above (Kolesnick 2002). However, no significant decrease of either DHSM or
SM was observed with age. Furthermore, for this process to occur in the lens these
enzymes would need to remain active in the nucleus of the lens for a minimum of 20
years. The increase in DHCer and Cer may result from the oxidation or heat induced
hydrolysis of other ceramide related molecules, such as ceramide-1-phosphate (Estrada
et al. 2010), or glycosphingolipids (Ogiso et al. 1993; Ogiso et al. 1994; Ogiso et al. 1998)
which are both present in the human lens. Ceramides may also arise in the lens from
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exposure to UVA light, since singlet oxygen, derived from UVA irradiation, is able to
generate ceramides from sphingomyelin liposomes (Grether-Beck et al. 2000). A
comparable elevation in the concentration of ceramides has been found in the white
matter of humans with cognitive impairment (Han et al. 2002) where it is thought that
these may be derived from hydrolysis of abundant ceramide conjugates such as
sulfatides and gangliosides. Further work on the lens lipidome is currently underway in
our laboratory to investigate these molecules.

The human lens may provide a strong basis for the major changes in lipid
composition of other human tissues which contain long-lived cells. Examples of include
brain (Bhardwaj et al. 2006), heart (Bergmann et al. 2009) and adipose tissue (Meulle et
al. 2008; Spalding et al. 2008). In the case of brain, it is clear that major changes to lipids
take place with age (Svennerholm et al. 1978; Svennerholm et al. 1991; Svennerholm et
al. 1994). Knowledge of the long-term stability of phospholipids under biological
conditions documented here may provide a guide as to the types of changes expected in
membranes of other old cells.
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5.1 Introduction
5.1.1 Radiocarbon dating
Radiocarbon dating has identified several cellular components in the human
body that are present throughout the lifespan of the individual. These studies have
utilised the fact that extensive above-ground testing of nuclear weapons that occurred
from 1955 until 1963 released a large quantity of artificial 14C into the atmosphere. The
atmospheric level of

14

C reached its maximum when the Nuclear Ban Treaty was

established in 1963 (Hua et al. 2004a). As displayed in Figure 5-1 the concentration of
14

C has been decreasing exponentially from 1963 until the present day due to the

exchange of atmospheric 14C with carbon present in the oceans and biosphere (Hua et
al. 2004a; Spalding et al. 2005a). Given this information, measurement of the fraction of
14

C present in a biomolecule (or class of biomolecules) allows the determination of the

date of biosynthesis and/or the time the system ceased exchanging carbon with its
surroundings. This dating technique utilises the sensitivity and selectivity of accelerator
mass spectrometry to analyse isotopes of low abundance. The application of accelerator
mass spectrometry (AMS) to the study of radioisotopes was developed over 30 years
ago, and has dramatically improved the

14

C dating of archaeology and quaternary

geology (Hellborg et al. 2008). AMS allows for the use of small quantities of sample (< 1
mg) and can analyse samples rapidly (hours) in comparison to decay counting (days)
(Hellborg et al. 2008).
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Figure 5-1. The radiocarbon bomb pulse curve, measuring the fraction of modern carbon (see Equation 1)
present in the atmosphere from 1950-2000.
The yellow line represents the values in the atmosphere in the southern hemisphere. From (Hua 2009).

This method of carbon dating has been used to examine tooth enamel (Spalding
et al. 2005b), the DNA of neurons (Spalding et al. 2005a; Bhardwaj et al. 2006),
adipocytes (Bhardwaj et al. 2006) and cardiomyocytes (Bergmann et al. 2009) and lens
proteins (Lynnerup et al. 2008). These cells have been shown to have little or no
turnover of DNA or cellular components throughout the lifespan of an individual. At
present lipids have not been dated using this technique.
5.1.2 The lens: a unique system for the analysis of cellular turnover
The lens exists in a closed system; as the lens grows new fibre cells are placed on
top of the old ones, encasing them. Therefore, each cell following differentiation
remains in the lens for the lifespan of the individual. As the molecular machinery in the
lens fibre cells is degraded following the cessation of differentiation, the lens has limited
or no ability to renew its cellular components. The lens is also avascular; which perturbs
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the process of delivering nutrients to the fibre cells as they can only be supplied through
the aqueous humor that bathes the anterior surface of the epithelial cells of the lens. If
an individual was born in 1963, their nucleus was originally composed using materials
existing in the year 1963 which would have a large amount of artificial 14C present in
them (the peak of the

14

C bomb pulse curve). If there was no turnover of cellular

components in the lens, the 14C level of this individual’s lens nucleus would reflect the
14

C composition of the year they were born. If turnover occurred, the

14

C abundance

would either reflect the levels present in the atmosphere today; or some average of
their lifespan to date. It has been demonstrated that there is no protein turnover in the
central region of the lens (the nucleus) (Lynnerup et al. 2008), and it has been assumed
that there is also no turnover of lipids in the nucleus (Borchman et al. 1999). There is
however no definitive experimental evidence to date to support this theory.

5.1.3 Aims
The aim of the current study was to exploit the 14C bomb pulse using accelerator
mass spectrometry to measure the levels of 14C in the lipids of the human lens nucleus
over a range of ages to determine the extent of molecular turnover.
5.1.4 Accelerator mass spectrometry
The majority of instruments employ a tandem electrostatic accelerator, in which
the ions are accelerated into high kinetic energy (Hellborg et al. 2008). A schematic of a
typical accelerator mass spectrometer is shown in Figure 5-2.

AMS requires a high efficiency for negative ions and a stable ion beam current.
Most accelerator mass spectrometers have a negatively charged ion source that
produces negative ions. These negatively charged ions are then accelerated away from
the sample and create an ion beam (Hellborg et al. 2008). Each magnet is tuned
specifically to the mass and charge of an ion. The first magnet is set at 14C-, however
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13

CH- and

12

CH2- also pass through as they have the same mass-to-charge ratio. All of

these ions pass through the first magnet and are then delivered towards the entrance of
the tandem accelerator.

The tandem electrostatic accelerator has a terminal voltage set at approximately
5 MV and is surrounded by a tank of SF6 (Hellborg et al. 2008). The negative ions are
accelerated through the tandem electrostatic accelerator due to their attraction to its
positively charged centre. Here they are directed towards the stripper – a tube filled
with Ar gas at low pressure or thin carbon foil which sits in the centre of the
electrostatic accelerator. When the ions at high velocity are passed through the stripper
medium, some outer electrons are stripped from ions (hence the name of the device)
making them positively charged. The now positively charged ions are repelled from the
positively charged centre and are accelerated towards the high energy magnet as they
exit the tandem accelerator (Hellborg et al. 2008).

Small polyatomic ions cannot exist in charge states above 2+, thus the high
energy magnet selects 14C ions of higher charge states (3+ or 4+ charge state) and all
interfering polyatomic ions of

13

C and

(Hellborg et al. 2008). Stable- (13C and

12

C are removed to reduce background noise

12

C) and radio- (14C) isotopes are diverted to

separate detectors. Appropriate calibration of these detector readings yields a
abundance ratio (Hellborg et al. 2008).
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Figure 5-2. A schematic of an accelerator mass spectrometer.
Adapted from Hellborg (2008).
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5.2 Methods
5.2.1 Glassware treatment
Only glassware was used in the homogenisation or extraction process to remove
the possibility of ‘dead’ carbon2 being stripped from plastic by chloroform. All glassware
was washed several times with 5 % nitric acid, rinsed with Milli Q water and dried at 300
°C to remove any extraneous carbon contamination. The sample tubes were washed,
cleaned and dried, and then baked at 600 °C in the stream of pure oxygen to remove any
possible carbon contamination.
5.2.4 Lipid extraction
Human lenses (see Chapter 4.2.1) (n = 9) were sectioned into nuclear and
cortical regions as described previously (see Chapter 4.2.2 and Figure 4-1). The age of
each lens was obtained from the Sydney Eye Bank records and from this the year of
birth of each individual was calculated.

Following

dissection,

nuclear

regions

were

homogenised

in

methanol:chloroform (2:1 v/v) with 0.01 % BHT at a ratio of 20:1 solvent to tissue.
Extracts were left to mix in a tube rotator overnight at 4 °C. Lenses were extracted
according to Folch et al., (1957). In brief, 500 μL of sodium chloride (0.15 M) was added
to the homogenate and then centrifuged at 2000 g for five minutes. Following removal
of the organic phase which was placed into new tubes, the homogenate was further
washed with 2 mL of chloroform:methanol (2:1 v/v) and centrifuged for another five
minutes. The two organic phases were combined and washed with 1 mL sodium chloride
(0.15 M). Following a third centrifugation for five minutes, the organic layer was
removed and placed into new tubes and dried down at 60 °C under nitrogen until there
2

Carbon arising from sources other than the sample itself.
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was approximately 500 μL remaining. The remaining organic layer was transferred to 14C
tubes and left to dry down over several days at 60 °C. Blanks were taken through the
same extraction procedure to account for any dead carbon or contamination from the
solvents used.
5.2.5 Sample preparation and graphitisation
Sample analysis from this point forward was performed by Dr Vladimir
Levchenko and Dr David Fink at Australian Nuclear Science and Technology Organisation
(ANSTO). All sample preparation is described in detail in Hua et al., (2001; 2004b). In
brief, pure CuO and cuts of Ag wire were added to each tube containing the
sample. Tubes were pumped down to vacuum of ~ 5.10 x10-5 mbar and flame sealed.
Subsequently, samples were placed in a furnace and kept at 900 °C for 2-3 hours for
complete combustion. Samples were then individually cracked open into the vacuum
line. CO2 was passed through a water trap and then cryogenically collected into the
measuring finger.
Samples were then expanded into a known volume to determine the amount via
measuring pressure, then cryogenically transferred into glass vials and moved to
graphitisation lines. Graphitisation was performed by the hydrogen method on iron
catalyst as described in Hua et al., (2001; 2004b).
5.2.6 Accelerator mass spectrometry
AMS measurements were performed on STAR and ANTARES accelerators. (Fink
et al. 2004). The isotopic ratio of 14C/12C or 14C/13C in the samples was determined and
normalised on parallel measurements of internationally agreed reference material,
Oxalic Acid I and Oxalic Acid II standards with precisely known carbon isotopic ratios
(National Institute of Standards, USA).

133

Chapter 5. Lipids in the Lens Nucleus are Present for the Human Lifespan
Blanks and lens samples were processed together in the same run to determine
the level of possible contamination in chemistry and handling. The values from the
blanks were then subtracted from the sample values with data processing.

134

Chapter 5. Lipids in the Lens Nucleus are Present for the Human Lifespan

5.3 Results

Table 5-1. The age, date of birth and resulting fraction modern carbon values from human lens
nuclear regions.

Lens Nucleus Age

Fraction Modern Carbon*

1σ error**

Actual DOB

58
46
48
42
39
36
32
31
21

1.03
1.19
1.14
1.42
1.28
1.33
1.15
1.13
1.07

0.04
0.08
0.08
0.06
0.1
0.04
0.09
0.05
0.07

1950
1961
1961
1967
1970
1972
1977
1977
1987

14

*Fraction Modern Carbon: reflect the level of C in the tissue analysed; **1σ error: error of the
determined radiocarbon level.

Table 5-1 shows the radiocarbon values (expressed in fraction modern carbon or
F14C) from nine human lens nuclear sections obtained by AMS. The fraction modern
carbon values in Table 5-1 were obtained using Equation 1.

F 14C 
14

14

12

( S  B)
( M  B)
14

12

Equation 1. Fraction of C. S, C/ C of sample; B, C/ C of blank; M,
material (oxalic acid, equivalent to AD 1950) (Karlen et al. 1968).

These

values

were

then

entered

into

14

the

12

C/ C of modern reference

CALIBomb

website

(http://calib.qub.ac.uk/CALIBomb/frameset.html) that compares the values with the
data shown in Figure 5-1. An example of this is shown in Figure 5-3; a 42 year old human
lens nucleus produced a F14C of 1.42 with 1σ error of 0.06. The website displays these
values on the bomb pulse curve, and allows for an estimate of the age of the tissue. Two
age ranges are possible, because this value gives a reading on either side of the curve.
Because the year of birth is known (1967), the assumption lies that the F14C estimate
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should be close to the peak of the curve, towards either the steep incline or the slower
decline. The possible intervals given for 1σ are between 1963-1964 and 1971-1977, and
for 2σ, 1963, 1964-1968 and 1969-1978 are given. These dates can be combined into
age ranges that generally sit on either side of the curve: 1963-1968 or 1968-1978. As the
date of birth is known to be in the year 1967, we can choose the estimated date of birth
from the F14C to lie between 1963 and 1968 (Figure 5-3).

Figure 5-3. An example from a 42 year old human lens nucleus of the data output from the CALIBomb
website http://calib.qub.ac.uk/CALIBomb/frameset.html.
14
The southern hemisphere bomb pulse curve is selected, and F C and 1σ values are entered. The resulting
list of 1σ (1 sigma) and 2σ (2 sigma) values are displayed alongside a graph plotting where these sigma
values lie on the bomb pulse curve.

The estimated date of birth based on F14C was thus calculated for all nine
samples. The estimated date of birth was compared to the actual date of birth as shown
in Figure 5-4. The data is plotted as the year range for each individual lens with the data
points indicating the median of this range. The data indicates that the F14C value is a
good predictor of the age of an individual, ± 5-7 years, as the slope of the curve is 1.2324
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±0.1778 (R2 = 0.88). This indicates that there is little to no lipid turnover occurring in the
lifetime of an individual.

Figure 5-4. A comparison of the actual date of birth of lens nucleus donors vs the estimated date of birth
14
2
determined from the C analysis. The slope of the curve (y) is equal to 1.2324 ±0.177809 with an R of
0.8728.
Error bars are the deviation from the median.
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5.4 Discussion
We have determined through the use of accelerator mass spectrometry that the
14

C present in the lipid extract from a human lens nucleus is a strong predictor of age.

This suggests that the lipid molecules in this region have been present since birth and
have not undergone carbon exchange with the atmosphere. It has been suggested for
over a decade that there is no lipid turnover in the lens nucleus due to the lack of
machinery present in the fibre cells (Borchman et al. 1999), however it has not been
definitively proven. In vivo studies have demonstrated in the rat lens that there is no
influence of dietary fatty acids on the membrane phospholipid composition (Nealon et
al. 2008a) (Chapter 2), and through in vitro diffusion of labelled fatty acids, no
incorporation into rat lens phospholipids is seen (Chapter 3). These previous studies
combined with the finding that the proteins in the centre of the human lens do not turn
over (Lynnerup et al. 2008) provided further evidence to the lack of lipid turnover in the
human lens.

The report of no lipid turnover in a tissue is unprecedented in the human body.
The majority of tissues show lipid turnover within minutes after intravenous injection
(Thies et al. 1994; Shetty et al. 1996), or within days after dietary intake (Owen et al.
2004) of fatty acids. There are more cells and cellular components however that are
being discovered to spend a lifetime in the body of a human. The first to be discovered
using accelerator mass spectrometry was a component of tooth enamel (Spalding et al.
2005b) and the DNA of neuronal cells (Spalding et al. 2005a; Bhardwaj et al. 2006). The
DNA of adipocytes and cardiomyocytes has also been shown to have slow turnover
(Spalding et al. 2008; Bergmann et al. 2009).
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It must be noted that the current study is only preliminary in nature, additional
lenses need to be analysed in order to further strengthen the current findings. It appears
however, that there is strong evidence to suggest that lipids of the human lens nucleus
are present for the entire lifespan. This has important implications in the development
and ageing of the human lens as the tight regulation of this system could have
considerable consequences in the event of hydrolytic or oxidative insult due to the lack
of repair mechanisms present. If damage occurs to these molecules, it is permanent.
This may lead to or be related to the onset of age-related pathologies; presbyopia and
age-related nuclear cataract.
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The hypotheses of this thesis stated that (i) there is no lipid turnover in the lens
nucleus and (ii) significant alterations to the lipid composition of the human lens nucleus
would be observed with age as a result. Therefore the aim of this thesis was to examine
changes to the membrane lipids of rat and human lenses to indirectly explore the
possibilities of lipid turnover. This involved:

i.

Determining the effect of diet over eight weeks on the phospholipid
composition of the rat lens in comparison to that of skeletal muscle (Chapter 2).
This was achieved by electrospray ionisation triple quadrupole mass
spectrometry;

ii.

determining the extent of incorporation of fluorescently-labelled and
isotopically-labelled fatty acids into the rat lens. This study utilised techniques of
tissue incubation, sectioning and confocal microscopy and electrospray
ionisation mass spectrometry (Chapter 3),

iii.

documenting the changes that occur to lipids in the human lens nucleus with
age (Chapter 4) using electrospray ionisation triple quadrupole mass
spectrometry, and
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iv.

determining the extent of lipid turnover in the human lens nucleus by
comparing 14C levels in tissue to those in the atmosphere at the time of birth
(Chapter 5). Accelerator mass spectrometry was utilised for the quantification of
14

C in the human lens nucleus.

This thesis established that despite dietary manipulation for eight weeks, the
phospholipid composition of rat lens nucleus and cortex remained unperturbed. In
contrast, the phospholipid composition of rat skeletal muscle was altered significantly
(Chapter 2). Rat lens phospholipids contained primarily saturated and monounsaturated
fatty acids (i.e., 16:0 and 18:1) whilst skeletal muscle phospholipids were highly
abundant in essential fatty acids (polyunsaturates 18:2 and 20:4). The distribution of
phospholipids across the different head group classes was not altered with diet in both
tissues, suggesting that the main effect of diet is seen at a molecular level. Differences in
the phospholipid composition between the nucleus and cortex were also observed,
suggesting that the different regions of the lens require particular lipid compositions,
possibly for the function of intrinsic membrane proteins essential for gap junctions and
membrane physical structure.

As lens fibre cells are not replaced, it was expected that the nuclear
phospholipid composition would be independent of diet. Surprisingly, this thesis found
that the cortex also maintains its phospholipid composition independent of diet, despite
fibre cells being produced in the rat lens cortex during the period of dietary intake. The
results indicate that there may be regulatory mechanisms in place to provide a specific
lipid composition for the cortex.

The extent and level of incorporation of fluorescently and isotopically labelled
fatty acids into the rat lens in vitro (Chapter 3) was also investigated. The results
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confirmed previous observations (Chapter 2) showing no diffusion of labelled fatty acids
into the nucleus, and no evidence of incorporation into the rat lens nucleus. A minimal
level of incorporation of 13C18-oleic acid was observed in the cortex most likely in the
epithelium and outer cortical layers. Due to the vesiculation of lens fibre cells observed
after 16 hours of incubation, longer times of incubation were not explored, which is a
limitation of this study. Further incubation with different mediums or labelled fatty acids
may allow for an increase in the incubation time. Furthermore, more sectioning is
required to look at the epithelium and outer cortex separately.

The studies in Chapter 2 and Chapter 3 of this thesis provide a strong basis for
the conclusion that there is little or no lipid turnover in the lens following fibre cell
differentiation. It should be noted however that the phospholipid composition of
commonly used experimental animals including the rat lens is remarkably different from
that of a human lens (Deeley et al. 2008). Although the concept of regulation in the lens
lipidome is likely to be transferable between species, investigators should take caution
with the interpretation and extrapolation of data obtained from animals when drawing
conclusions about processes occurring in the human lens. It was therefore an aim of this
thesis to use human lens material where possible to understand lipid turnover in the
human lens.

This thesis provided an in-depth analysis of the phospholipid and sphingolipid
composition of the human lens nucleus with age (Chapter 4). The study revealed that
glycerophospholipids that are abundant in a young lens decrease until age 40 and then
plateau; while ceramides and dihydroceramides are negligible in a young lens and
increase in abundance until age 60. These changes in lipid composition coincide with
other lens alterations occurring both on a macroscopic and molecular level, for example,
the development of presbyopia. The age-related decline in glycerophospholipid
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concentration may result from slow hydrolytic or oxidative processes occurring in the
nucleus over many years. Lysophosphatidylethanolamines are biosynthetically related to
phosphatidylethanolamines, and their appearance in the lens may be a result of
phosphatidylethanolamine hydrolysis. Therefore we would expect to see an increase in
the concentration of lysophosphatidylethanolamine as the concentration of
phosphatidylethanolamine decreased. This hypothesis is however not supported by the
data, as lysophosphatidylethanolamines slowly declined in abundance with age.
Preliminary analysis of diacylglycerols conducted during this thesis indicates that they
are also not the products of GP breakdown in the human lens nucleus with age (data not
shown). The products of GP degradation therefore remain to be identified.

The increase in ceramide/dihydroceramide may be due to hydrolysis of
sphingomyelin/dihydrosphingomyelin in a similar fashion as mentioned above. There
was however no change observed in sphingomyelin and dihydrosphingomelin
concentration with age. It is possible that ceramides and dihydroceramides are
produced from the hydrolysis of other sphingolipid molecules identified in the human
lens including ceramide-1-phosphate, dihydroceramide-1-phosphate (Estrada et al.
2010) and glycosphingolipids (Ogiso et al. 1993).

This thesis provides evidence that there is no lipid turnover in the human lens
nucleus (Chapter 5). Using accelerator mass spectrometry, it was determined that

14

C

levels present in the human lens correlate with 14C levels present in the atmosphere at
the time of birth. The identification of life-long lipids in human tissue is unprecedented
in the literature and provides novel insight into the composition and biochemical nature
of long-lived cell membranes. A current limitation of this study is the sample number
therefore a greater number of lenses are required to further validate these results.
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The work of this thesis contributes significantly to our current understanding of
the ageing process of the lens, and the demands on the lens lipidome. It has been
previously demonstrated that there is an important interaction between membrane
proteins and lipids in cells (Hayer-Hartl et al. 1992; Lange et al. 2001; Shinzawa-Itoh et
al. 2007). The lens also requires a tightly regulated membrane lipid composition for the
functioning of the proteins it surrounds, as dietary influence cannot alter this
composition. It also appears that once the phospholipid composition has been formed, it
cannot be altered. This is evidenced by the lack of turnover of human lens lipids and the
lack of incorporation seen with labelled fatty acids in rat lenses. This tight regulation and
lack of turnover has considerable consequences for the maintenance of this lipid
environment as we age, as the possible mechanism of heat- or UV-induced hydrolysis of
lipids over a period of decades will alter the lipid environment. This may contribute to,
or be the result of the formation of a barrier to molecular diffusion seen at middle age.
The alteration in lipid composition favouring the decrease of unsaturated lipids and an
increase in saturated, tightly-packed lipids may lead to an increased adhesive nature of
the membrane to provide an increased binding of α-crystallin with age (Grami et al.
2005; Friedrich et al. 2010). This increased binding contributes to the occlusion of
membrane pores that normally allow nutrient diffusion into the lens centre (Friedrich et
al. 2009). Tightly packed lipids may be related to the increase in lens stiffness seen with
age that results in presbyopia, and also may contribute to the onset of age-related
nuclear cataract with barrier formation. A lack of lipid turnover suggests that new
research is required to examine whether these processes of lipid modification seen with
age can be retarded or hindered to slow the pathological process and provide protection
to the lens.
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Although a significant body of work has been undertaken into the phospholipid
composition of the human lens, the full picture is still incomplete. This thesis suggests
that a lack of lipid turnover results in a significant alteration to the lipid profile of the
human lens nucleus with age. This may contribute to or be the result of the formation of
a barrier at middle age. Several questions thus remain unanswered: (i) what are the
degradation products of lipids present in the lens nucleus? (ii) what is the lipid
composition of the barrier region? (iii) does this profile alter with age? (iv) what are the
mechanisms involved in the observed alterations in nuclear lipids? (v) what are the
differences in lipid composition of a cataractous lens? (vi) does the lens provide a model
for other cells in the body that lack lipid turnover? Further work is required to answer
these

questions.

Sphingolipid

derivatives

such

as

ceramide-1-phosphate,

dihydroceramide-1-phosphate and glycosphingolipids may be responsible for the
increase in ceramide and dihydroceramide observed with age. These molecules should
therefore be analysed for absolute concentration alterations with age. Purification and
separation methods are needed to examine hydrolytic/oxidative products of
glycerophospholipids that may result from the degradation of these molecules with age.
Simulating the lens ageing process through heating or UV radiation would help to
explore the hydrolytic or oxidative chemical mechanisms that are occurring to lens
phospholipids. It has already been demonstrated that alterations to α-crystallin and
changes in stiffness seen with age in human lenses can be closely mimicked through
heating porcine lenses at 50 °C for eight hours (Heys et al. 2007).

Previous analysis of the barrier region have demonstrated that the
concentration of sphingolipids alter with age (Deeley et al. 2010), and also contribute to
the increased binding of α-crystallin to the cell membrane (Friedrich et al. 2010). Full
analysis of the lens membrane lipidome is essential to determine if other lipid classes
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contribute to the increase of α-crystallin binding in the barrier region, or if other lipids
alter in concentration in this region with age. As the barrier region impedes the flow of
nutrients and may contribute to the onset of age-related nuclear cataract, analysis of
cataractous lenses may provide further insight to the changes occurring in this
pathological state.

Future studies of other tissues in the body could reveal the presence of other
long-lived molecules. Several long-lived cells have already been identified in the human
body (Spalding et al. 2005a; Bhardwaj et al. 2006; Spalding et al. 2008; Bergmann et al.
2009). It remains to be established, however, whether molecular lipids of these longlived cells turn over. This is especially interesting for cells that remain metabolically
active and therefore have the machinery present for membrane/molecular
manipulation. Future work examining tissues such as neurons of the brain and
cardiomyocyte cells may provide unique insight into molecular turnover in other longlived cells.

In conclusion, this thesis has demonstrated a lack of lipid turnover in the rat and
human lens nucleus, and provides reason for the significant alterations seen in the lipid
profile of the human lens nucleus with age. This research provides vital insight into the
process of normal ageing in the human lens and may assist in revealing the processes
involved in the development of lens pathologies such as presbyopia and age-related
nuclear cataract.
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